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PEEFAOE. 


This  fact  that  the  first  edition  of  2000  copies  of  this  work  has 

been  readilj  pnrohased,  together  with  letters  received  from 

electricians  and  students  all  over  the  world,  may  be  taken  to 

justify  the  author  in  believing  that,  in  departing  from  the 

nearly  universal  system  of  electrical  text-books,  he  has  met  a 

widely  felt  want. 

There  are  two  electricities  known  to  the  scientific  world :  the 

1^      electricity  which  exists  in  nature;  and  the  electricity  which, 

^      created  by  mathematicians,  exists  chiefly  upon  the  blackboards 

^      of  the  professor's  class-room.    It  is  the  first  of  these  electricities 

^^      which  this  work  endeavours  to  elucidate.     The  artificial  elec- 

co       tricity  serves  a  very  useful  purpose  in  calculating  the  effects 

which  we  may  look  for  when  using  electricity.     But  that  it 

does  not  satisfy  earnest  thinkers  is  manifest  from  the  fact  that 

recent  text-books  are  gradually  adopting  and  teaching  doctrines 

which  were  accounted  utter  heresies  when    this  book  first 

appeared. 

As  stated  in  the  preface  to  the  first  edition,  the  work  was 
based  upon  papers  which  had  appeared  in  the  *  English 
Mechanic'  and  the  *  Telegraphic  Journal,'  and  much  of  the 
new  matter  in  this  edition  has  in  like  manner  appeared  in  the 
pages  of  the  '  Electrician.' 

A  few  words  as  to  the  object  of  the  Author  may  prevent  some 
misconception.  The  work  is  not  intended  to  enable  the  reader 
to  "  cram "  for  an  examination,  but  to  lead  him  to  think  for 
himself;  not  so  much  to  give  specific  instructions  as  to  any 
special  case,  as  to  assist  in  forming  a  clear  conception  of  those 
general  principles  which  include  all  cases ;  and  it  is  hoped  that 
the  great  number  of  questions  which  have  been  addressed  to 
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the  Author  will  have  enabled  him  to  understand,  and  in  con- 
siderable degree  to  meet  the  desires  of  the  class  of  readers  for 
whom  the  work  is  intended. 

As  stated  in  the  first  preface,  "  the  object  has  been  to  review 
the  leading  and  essential  facts,  and  to  so  systematize  them  as 
to  form  of  them  a  catalogue  raisonncy  in  which  all  information 
obtained  elsewhere  may  be  readily  inserted,  and  be  as  readily 
available  when  required.  Many  mere  facts  found  in  all  other 
books  on  electricity  may  here  be  omitted,  or  only  slightly 
glanced  at ;  but  on  the  other  hand,  principlea  are  dwelt  upon, 
and  the  instruments  necessary  for  their  study  fully  explained, 
so  that  those  who  may  have  some  mechanical  aptitude  may 
construct  them  for  themselves,  the  very  best  possible  way  of 
understanding  them." 

It  has  been  the  aim  of  the  Author  to  keep  up  with  the  great 
and  rapid  progress  of  electrical  applications,  so  that  the  work  is 
very  greatly  enlarged  and  several  additional  branches  of  the 
subject  taken  up.  The  rapid  advances  made,  and  the  fact  that 
the  work  has  been  eighteen  months  in  passing  through  the 
press,  may  account  for  some  peculiarities  in  the  arrangement 
and  treatment  of  some  parts  of  the  subject. 

In  these  days  of  claims  and  counterclaims  as  to  priority  of  ideas, 
it  may  be  aa  well  to  remark  that  the  history  of  electric  discovery 
and  progress  does  not  enter  wij^hin  the  scope  of  this  work,  but 
that,  where  occasion  calls  for  reference  to  such  subjects,  it  has 
been  the  desire  of  the  Author  to  give  honour  where  honour  is 
due  upon  purely  scientific  considerations. 

117,  Gbebn  Lank,  BiBmNGBAM, 
Apra,  1884. 
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I.  It  is  a  oommon  remark,  that  it  is  desirable  to  know  every- 
thing about  one  subject,  and  a  little  of  every  other  subject.  In 
science  this  is  certainly  requisite,  for  it  is  impossible  to  study 
any  one  branch  thoroughly  without  aid  rendered  by  the  know« 
ledge  of  several  other  branches.  Before  we  can  understand 
electricity  and  its  various  applications,  we  require  to  have  some 
knowledge  of  the  fundamental  principles  of  mechanics,  the 
laws  of  motion,  energy,  force,  and  heat,  and  above  all  we  need 
some  considerable  acquaintance  with  the  general  principles  of 
I  chemistry. 

This  is  not  so  evident  when  electricity  is  studied,  as  is  too 
often  the  case,  rather  as  a  department  of  mathematics  than  as 
one  of  the  prime  agencies  of  nature.  But  in  this  work  the 
latter  is  the  point  of  view  adopted,  and  therefore,  as  chemistry 
has  gone  through  great  changes  of  late  years,  and  its  terms  and 
doctrines  are  differently  treated  by  different  writers,  I  think  it 
better  not  to  refer  the  reader  altogether  to  works  treating  of 
this  branch  of  knowledge,  but  to  give  here  the  necessary  general 
outline  of  the  facts,  principles,  and  terms  which  will  be  em- 
ployed, to  serve  as  it  were  as  an  outline  chart,  by  which  we 
may  afterwards  travel  intelligently  through  the  land  we  desire 
to  explore. 

2.  Matter. — Of  the  essence  or  nature  of  matter  itself  we  know 
absolutely  nothing,  and  never  shall  know  anything ;  but  of  its 
properties,  whether  they  be  inherent  in  its  own  essence  or  due 
to  tiie  action  of  forces  oonnected  with  it,  we  know  a  good  deal. 

Matter,  as  known  to  us,  consists  of  certain  forms  which  we 
ceJI  elements,  because  they  are  the  simplest  substances  we  have 
yet  attained  to.'  These  may,  for  all  we  know,  be  composed  of 
varying  mixtures  of  yet  simpler  forms  of  matter;  but  true 
science,  as  distinguished  from  metaphysics,  refuses  to  admit  the 
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**may  he,**  but  rests  on  what  is  proved.    Therefore,  in  science, 
matter  means  the  elements  and  their  oomponnds. 

3.  Elements. — Of  these  at  present  sixty-five  are  known, 
besides  several  recently  discovered  or  supposed  to  have  been 
isolated.  They  exist  as  gases,  such  as  hydrogen  and  oxygen ; 
as  liquids,  like  bromine  and  mercury;  and  as  solids,  such  as 
carbon  and  the  long  list  of  metals ;  but  these  physical  states 
are  not  essential  to  their  nature,  they  depend  only  on  their 
existing  relations  to  force,  as  heat  and  pressure ;  and  as  we  can, 
by  altering  the  conditions  of  force,  cause  most  of  them  to  pass 
from  one  state  to  the  others,  so  there  is  no  reason  to  doubt  that 
every  gas  can  assume  the  solid  form,  and  every  solid  become  a 
gas,  under  sufficiently  altered  conditions  of  force. 

4.  Atoms. — There  is  abundant  evidence  that  these  elements 
exist  in  the  form  of  ultimate  particles  called  atoms,  possessing 
definite  dimensions  and  weight.  Though  these  atoms  are  prac- 
tically infinitely  small,  and  beyond  our  powers  of  measurement 
or  even  conception,  yet  their  existence  is  not  a  mere  hypothesis, 
but  a  logical  deduction  from  well-proved  facts.  All  the  actions 
of  matter  prove  their  existence,  and  the  whole  framework  of 
modem  chemistry,  and,  indeed,  of  all  the  natural  sciences,  is 
based  on  the  atom. 

There  have  been  many  discussions  as  to  the  actual  existence 
of  atoms,  which  have  been  really  battles  about  words.  ''  Atom  " 
means,  in  fact,  incapable  of  division,  and  it  requires  no  elaborate 
mathematical  analysis  to  show  that  any  particle  having  dimen- 
sions and  weight,  however  small,  must  be  theoretically  capable 
of  being  divided :  but  we  need  not  encumber  ourselves  with  any 
hypothesis  as  to  the  atom  being  infinitely  hard  and  so  on,  as 
subtle  reasoners  about  things  beyond  our  knowledge  continually 
do ;  all  we  need  is  to  consider  the  atom  as  the  ultimate  particle 
of  each  form  of  matter,  and  that  if  divided,  it  would  no  longer 
remain  that  form  of  matter. 

The  atom  has  several  relations  to  force :  (i)  to  gravity,  which 
depends  on  its  mass  simply,  without  reference  to  its  nature  ; 
(2)  to  heat,  which  for  each  physical  form  of  matter  is  the  same 
for  all  atoms ;  (3)  chemical  affinity,  which  varies  between  every 
different  class  of  atoms. 

5.  Ether. — Besides  the  ordinary  known  matter  there  appears 
to  be  something  pervading  all  space,  though  so  thin  or  attenuated 
as  scarcely  to  come  within  the  common  idea  of  matter  as  some- 
thing tangible.  That  it  exists  astronomy  affords  us  actual 
evidence,  but  what  it  really  is  we  have  no  means  of  ascertaining, 
because  it  is  impossible  to  lay  hold  of  and  analyze  it ;  but  the 
more  we  learn  of  the  actions  which  take  place  in  our  own  and 
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the  other  suds,  the  more  probable  it  beoomes  that  it  is  ordinary 
matter  in  an  idtra  gaseous  condition,  but  whether  retaining  the 
state  of  ordinary  elements,  or  whether  resolved  into  a  more 
simple  form,  or  even  into  a  non-atomic  state,  we  do  not  know, 
nor  are  we  ever  likely  to  learn  except  by  deduction  from  its 
actions.  The  interesting  researches  of  "Dr.  Orookes  into,  those 
extreme  vacua  now  obtainable  by  means  of  the  mercury  pump, 
(and  which  are  readily  carried  to  the  one  millionth  of  an  atmo- 
sphere) strongly  suggest  to  the  scientific  imagination  that  this 
so-oalled  **  fourth  stftte  of  matter "  may  actually  be  the  inter- 
stellar ether.  Be  this  as  it  may,  all  systems  of  physical  philo- 
sophy alike  require  this  so-called  *' ether,"  for  so  fu:  as  the 
probabilities  of  several  hypotheses  are  concerned,  there  is  no 
differenoe  between  this  one  ethereal  form  of  matter  transmitting 
the  impulses  of  the  forces,  and  a  luminiferous  agent  issuing 
from  the  sun,  or  an  electrical  fluid  pervading  space  and  matter, 
except  that  the  first — the  modem  theory — is  by  far  the  most 
simple  and  most  accordant  with  the  facts  needing  explanation. 

lliis  hypothetical  ether  is  being  gradually  made  to  fulfil  more 
and  more  of  the  fanctions  for  which  the  older  philosophers 
invented  separate  ''  fluids,"  and  in  this  there  lies  a  new  danger 
for  real  science.  We  know  absolutely  nothing  about  the  ether, 
and  these  applications  of  it  are  little  more  than  guesses :  but 
when  a  word  is  invented  to  cover  a  difficulty,  people  easily  come 
to  believe  that  this  word  actually  explains  the  matter. 

6.  Atomicity  or  Valency  of  Atoms. — ^Within  the  last  few 
years  chemistry  has  undergone  a  complete  revolution,  and  one 
of  the  leading  features  of  the  new  system  is  the  idea  of  mole* 
cular  types,  these  being  due  to  the  atoms  having  different 
exchangeable  values.  One  of  the  oldest  ideas  of  the  atom  was 
that  matter  had  no  real  existence,  and  that  atoms  were  simply 
centres  of  force.  The  modem  idea  is,  that  though  the  atom  is 
a  material  body,  it  acts  as  a  centre  of  force,  and  that  the  atoms 
of  different  elements  differ  by  possessing  one,  two,  or  more  such 
centres,  or  foci  of  influence.  Hence  the  elements  are  classified 
as  monads,  monatomic  or  univalent,  having  only  one  attraction, 
such  as  hydrogen,  chlorine,  &c, ;  dyads,  diatomic  or  bivalent, 
having  two  attractions,  as  sulphur,  or  oxygen ;  triads,  triatomio 
or  tervalent,  with  three  attractions,  as  nitrogen ;  tetrads,  tetra- 
tomic  or  quadrivalent,  having  four  attractions^  as  carbon,  and 
soon. 

The  words  atomicity  and  valency  are  frequently  used  as 
synonymous,  but  there  is  a  tendency  to  attach  the  first  term 
more  to  the  theoretical  explanation  of  the  nature  of  the  atom, 
while  valency  expresses  the  fact  that  atoms  of  the  weights  now 
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accepted,  do,  in  combination  or  sabstitution,  replace  1,2,  3,  or  4 
atoms  of  hydrogen.  Thia  inyolyes  no  theory,  and  whenever  I 
use  the  word  valency  it  must  be  understood  as  expressing  this 
fact,  not  as  necessitating  the  explanation  of  which  an  outline 
follows. 

7.  It  is  conceived  that  the  atoms  of  which  matter  is  built  up 
are  not  in  absolute  contact,  but  are  separated  by  spaces  (con- 
taining ether)  in  which  they  move  frtdelj  under  the  several 
forces  to  which  they  are  exposed,  these  motions  replacing  in 
modem  theory  the  atmospheres  of  forces  or  fluids  which  used  to 
be  believed  in.  The  atoms  are  held  together  by  the  attraction 
or  force  which  we  call  affinity,  exerted  across  these  intervening 
spaces. 

In  any  act  of  combination  or  decomposition,  nothing  less  than 
one  atom  of  any  substance  concerned  can  take  part  or  undergo  a 
change  of  its  relation  to  other  substances,  but  these  relations  are 
governed  by  the  number  of  attractions  proper  to  itself.  Thus 
an  atom  of  hydrogen  (i)  can  only  combine  with  one  atom  of 
chlorine  (i)  to  constitute  hydrochloric  acid;  two  atoms  of 
hydrogen  (i)  unite  with  one  of  oxygen  (2)  to  form  water; 
three  atoms  of  hydrogen  with  one  of  nitrogen  (3)  form  ammonia, 
and  four  with  one  of  carbon  (ii)  make  marsh  gas,  these  being 
four  of  tiie  typical  forms  to  which  chemical  combinations  are 
referred,  not  merely  for  convenience,  but  because  they  are  all 
bodies  actually  existing  and  playing  important  parts  in  the 
chemistry  of  nature,  and  also  because  they  are  forms  which 
would  result  from  the  several  atomicities,  if  these  really  exist. 

As  to  the  actual  shapes  of  the  atoms  we  know  nothing,  but 
to  enable  readers  more  clearly  to  realize  the  theory  set  before 
them,  I  employ  diagrams  in  which  the  several  atoms  are  re- 
presented by  circles  containing  dots  to  mark  their  atomicities, 

and    surrounded    by     another 
^'®-  1-  circle  to  mark  the  space  which 

separates  them  from  each  other 
and  in  which  they  move,  but  it 
must  be  understood  that  these 
diagrams  are  only  aids  to  the 
imagination;  they  represent  ideas,  but  by  no  means  must  be 
taken  for  actual  pictures  of  the  things  they  may  aid  us  to 
conceive.  We  may  therefore  picture  the  various  classes  of 
atoms  as  in  Fig.  1. 

8.  The  Molecule. — ^Formerly  the  words  atom  and  molecule 
were  treated  as  almost  synonymous,  but  the  rapid  growth  of 
modem  chemistry  has  required  a  more  exact  definition  of  ideas, 
though  even  yet,  as  to  compounds,  the  word  molecule  is  not 
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TinfreqTiently  used  where  atom  or  radical  wonld  be  more  correct. 
The  strict  meaning  of  the  word  now  is  the  smallest  quantity  of 
a  sabetance  which  is  capable  of  separate  existence  as  a  free  body. 
With  this  meaning  the  word  is  eqiudly  fitted  for  use  in  chemistry 
and  in  general  physics. 

It  is  therefore  a  body  in  which  all  the  attractions  or  valencies 
are  satisfied,  leaving  the  combined  atoms  to  act  as  a  whole  from 
one  centre,  so  far  as  such  forces  as  gravitation,  cohesion,  heat, 
&c.,  are  concerned.  A  body  whose  atomic  attractions  are  not 
thus  satisfied,  though  it  be  complete  in  one  chemical  sense,  and 
has  a  real  existence,  yet  cannot  exist  by  itself,  and  therefore  is 
not  a  molecule  but  a  componnd  atom  or  radical,  because  indi* 
visible  without  change  of  nature ;  to  become  a  molecule  it  must 
unite  with  another  body  or  bodies  sufficient  to  satisfy  its 
attractions. 

This  applies  equally  to  elementary  and  compound  bodies,  and 
therefore  every  molecule  must  consist  of  at  least  two  atoms — 
distinct,  yet  united — and  acting  as  a  whole  on  surrounding 
bodies.  Hence  a  piece  of  copper  wire  is  not  built  up  of  atoms, 
as  in  Fig.  2,  but  the  atoms  are  coupled  together  first,  as  mole- 
cules, as  in  Fig.  5. 

It  is  evident  that  as  regards  simple  elements,  two  atoms, 
whatever  their  atomicity,  can  form  a  molecule  by  satisfying 
each  other,  and  this  is  the  usual  form  of  elementary  molecule ; 
but  there  are  some  of  which  the  molecule  may  probably  contain 

Fio.  2.  Fig.  8. 


several  atoms,  and  others,  such  as  carbon  and  phosphorus, 
which  exist  in  several  conditions,  or  allotropic  states,  the  cause 
of  which  may  be,  that  the  molecules  in  these  different  states 
contain  different  numbers  of  atoms,  and  different  energies. 

9.  MoLBCULAR  Types. — ^When  different  elements  enter  into 
combination,  the  number  of  atoms  forming  the  molecule  will 
depend  on  the  relative  valencies  of  the  several  atoms,  and  hence 
we  arrive  at  certain  typical  forms  or  molecular  skeletons,  to 
which  all  compound  bocQes  are  related.  A  univalent  atom  can 
only  join  a  single  univalent  atom,  and  this  famishes  the  first 
type,  Fig.  4.  Here  the  two  atoms,  i  and  2,  in  molecule  A,  may 
be  both  hydrogen  H'  H',  or  both  chlorine,  CI'  01'  forming  the 
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free  molecule  of  hydrogen  or  cUorine ;  if  i  is  hydrogen  and  2 
chlorine  we  have  H'  CI',  the  molecule  of  free  hydrochloric  acid  ; 
and  if  we  substitute  sodium  for  the  hydrogen  in  this,  we  have 
Na'  CI'  the  molecule  of  common  salt,  and  if  we  now  substitute 
iodine  for  the  chlorine  we  have  Na'  I'  iodide  of  sodium.  Fig.  4 
A,  in  fact,  shows  a  molecular  frame,  which  we  may  fill  up  at 
pleasure  with  univalent  substances  without  destroying  the 
molecular  constitution,  and  when  submitted  to  the  action  of  an 
electric  current,  the  body,  be  it  what  it  may,  which  occupies 
thee  position  of  atom  i,  will  always  appear  at  one  pole,  and 
atom  2  at  the  other  pole.  Thus,  if  we  consider  these  fibres  to 
represent  the  ordinary  chemical  formulas,  i  would  be  the  basic 
radical  or  ion  and  2  would  be  the  acid  radical,  and  in  electro- 
lysis the  substance  would  arrange  itself  as 

i  I 

Zino  +  Daniell  cell  » Copper. 

¥ 

The  molecular  equilibrium  will  not  even  be  destroyed  if  we 
substitute  a  compound  atom  or  radical  for  either  or  both  of  these 
atoms ;  thus,  returning  to  the  sodium  iodide,  the  iodine  may  be 
replaced  by  cyanogen  Cy'  (which  being  C"^  N'"  has  one  attrac- 
tion unsatisfied)  producing  sodium  cyanide  Na'  Cy',  and  then 
finally  the  sodium  may  be  exchanged  for  the  monatomic  radical 
of  alcohol,  ethyl  CjHg  to  form  cyanide  of  ethyl.  I  have  gone 
somewhat  fully  into  this  type,  in  order  to  give  the  general 
principle  applicable  to  all — viz.  that  any  typical  atom  in  any 
molecule  may  be  replaced  by  another  atom  of  similar  valency, 
without  altering  the  arrangement  of  the  molecule,  and  in  so 
doing  its  chemical  properties  will  only  be  gradually  affected, 
according  to  the  properties  of  the  substituted  atoms,  without 
changing  its  relations  to  electrical  force. 

Molecule,  B,  in  Fig.  4,  is  intended  to  show  that  the  same  type 
includes  bodies  of  higher  valency, 
where  only  two  atoms  of  equal 
valency,  each  satisfying  the  oliier, 
are  contained  in  the  molecule ;  so 
that  this  type  includes  the  mole- 
cules of  the  elements,  and  of  many 
radicals  in  the  free  form,  though  A, 
Fig.  4,  is  that  which  is  called  the  hydrochlorio  add  type. 
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Hi 
The  next  is  the  Water  Type  jj>0  or  HjO,  in  which  one 

bivalent  atom  unites  with  two  univalent  atoms.     Fig.  5. 

Here,  as  in  the  first  and  in  all  other  molecular  forms,  each  atom 
is  oapable  of  being  exchanged  for  any  other  of  e(|ual  value  :  thus, 
the  hydrogen  atom  i  may  be  replaced  by  potassium,  and  we  have 

^,  SO"  hydrate  of  potash ;  again,  2  may  be  similarly  replaced, 

giving  ^,  >0"  or  K,0,  potassium  oxide ;  or  instead  of  the  hydro- 
gen, the  oxygen  atom  3  may  be  exchanged  for  another  bivalent 
atom,  as  sulphur  giving  tt^>S"  or  H^,  sulphuretted  hydrogen. 

Two  ideal  forms  of  this  molecule  are  given,  because  neither 
will  convey  the  whole  truth,  for  we  may  conceive  that  both  the 
hydrogen  atoms  are  equally  held  to  the  oxygen  in  water,  which 
is  the  form  A,  or  one  of  them  may  be  held  more  strongly  than 
the  other.  There  is  ^ood  reason  to  suppose  that  the  latter  is 
the  case  in  ordinary  circumstances,  and  that  atom  i  of  the  H  is 
more  closely  united  than  2  to  the  O;  that  HO  first  form  a 
univalent  radical  known  as  hydroxyl,  to  which  the  second  atom 
of  hydrogen  is  united.  A  strong  support  to  this  idea  is  found 
in  what  are  called  isomeric  bodies,  containing  exactly  the  same 
elements  in  the  same  proportions,  yet  having  somewhat  di£ferent 
properties.  It  is  evident  that  in  Fig.  5  B  there  would  be  a 
difference  according  as  atom  i  or 
2  was  replaced  by  another  element.  Fig.  5. 

StiU,  Fig.  5  A  is  also  true,  for  both 
I  and  2  may  be  removed  together 
and  replaced  by  a  single  bivalent 
atom,  in  which  case,  however, 
we  should  consider  the  type  was 
changed  to  thatof  Fig.  4B  :  imder 
the  influence  of  an  electric  current, 

there  is  good  reason  to  suppose  that  the  molecule  takes  the  form 
A,  the  atoms  i  and  2  passing  to  one  pole,  and  atom  3  to  the 
other  pole.  It  is  not  necessary  to  go  further  into  the  subject 
of  the  types  of  molecular  construction  until  the  action  of  the 
electric  current  in  electrolysis  has  to  be  considered ;  at  present 
the  main  thing  is  to  obtaon  a  clear  conception  of  molecules  as 
the  ultimate  particles  of  matter  in  all  its  ordinary  forms ;  as  the 
bricks,  so  to  speak,  with  which  the  substances  known  to  us  are 
constructed  on  regular  systems  of  architecture,  and  to  com- 
prehend that  they  have  a  capacity  of  separating  into  at  least 
two  parts,  which  are  held  together  by  a  mutual  attraction. 
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10.  It  will  be  seen  that  there  are  thos  two  classes  of  mole- 
cules. 

(i)  Molecules  lehich  are  dUo  cUoms,  being  indivisible  without 
change,  as  water,  and  all  salts  and  acids.  These  molecules  are 
held  together  by  high  affinities^  varying  in  each  case,  and 
require  considerable  force  for  their  decomposition. 

(2)  Molecules  formed  of  two  similar  atoms  or  radicals,  held 
together  by  their  unsatisfied  attractive  foci,  but  by  a  feeble 
affinity ;  these  are  capable  of  division  into  two  similar  parts, 
and  that  by  a  small  expenditure  of  force.  This  is  the  state  in 
which  exist,  as  free  bodies,  the  elements  and  those  compound 
radicals  (such  as  cyanogen)  which  have  many  of  the  properties 
of  elements,  though  known  to  be  compounds. 

We  may  conceive  the  molecule  as  representing  on  the  infi- 
nitely small  scale  the  solar  system  itself,  which  is  built  up  of 
several  systems  or  parts,  each  complete  in  itself,  yet  all  linked 
to  each  other  and  forming  a  balanced  whole :  thus  Mercury  and 
Venus  stand  as  single  atoms,  the  earth,  Jupiter,  and  Saturn, 
with  their  moons,  resemble  the  compound  atoms  or  radicals 
composed  of  several  distinct  atoms  so  united  as  to  play  the  part 
of  a  single  atom  in  the  mighty  molecule,  which  again  forms  but 
an  infinitesimal  part  of  the  complete  universe,  held  within  it  by 
forces  acting  across  infinite  space,  as  our  molecules  are  united 
into  visible  substances  by  the  forces  of  cohesion,  &c. 

11.  Notation. — The  various  chemical  facts  and  reactions  are 
concisely  expressed  in  symbols,  which  generally  are  the  first 
letter  of  the  name  of  the  element  in  English  or  Latin  :  each  such 
symbol  stands  for  i  atom  of  the  element,  multiplied  when  neces- 
sary by  a  small  figure  following  it  a  little  below  the  line :  all 
reactions  are  expressed  by  first  writing  in  symbols  the  con- 
struction of  the  substances  set  to  act  upon  each  other,  divided 
by  +,  and  then  the  substances  produced,  and  the  two  should 
exactly  represent  the  total  atoms  engaged.  There  are  many 
modes  of  expressing  the  same  things  in  different  formulsd 
according  to  the  special  theory  of  oonstitution  adopted,  or  the 
particular  view  of  the  matter  intended  to  be  described:  and 
there  are  two  distinct  systems  in  use. 

(i)  The  Equivalent. — This  system,  used  in  all  the  old  books, 
is  based  really  on  oxygen  (which  was  called  100),  and  the 
weight  of  hydrogen  whi^  combined  with  oxygen  being  called 
I,  the  equivalents  of  other  substances  were  afterwards  reckoned 
from  this.    Hence  water  is  in  this  system  called  HO  (i  +B  «  9). 

(2)  The  Atomic, — This,  which  is  called  the  "  New  Notation," 
is  generally  adopted  in  all  modem  chemical  books.  It  is  based 
on  the  fact  that  water  contains  two  mectsures  of  hydrogen  to  one 
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of  ozjgen,  and  this  being  oonoeiyed  to  show  the  atomic  rela- 
tions, water  becomes  H2O,  and  H  being  called  i  as  to  weight,  it 
becomes  necessary  to  call  0  =  16,  and  in  consequence  most  of 
the  metals  have  their  weights  similarly  doubled  as  compared 
with  the  equivalent  notation,  while  the  nximber  of  atoms  of 
those  which  are  unchanged  (the  univalent  elements)  have  to  be 
doubled.  The  following  example  of  the  action  of  smphuric  acid 
upon  nitrate  of  soda  exhibits  the  two  systems : 

Equivalent. 

Salt  Add.  Salt.  Acid. 

Na  NO.  +  H  SO4  =  Na  SO^  +  H  NO^  =  134 
23  62         I    48        23  48  I    62 

Atomic. 


2Na  NO3  +  H,  SO4  =  Na,  SO4  +  2H  NO3  =  268 

23    62         2    96        46   96  I    62 

This  means  that  the  nitrate  of  soda  on  being  mixed  with 
sulphuric  acid  is  decomposed  into  sulphate  of  soda  and  nitric 
acid. 

12.  Force. — ^Until  recently  the  words  force  and  energy  were 
used  indifferently  in  the  sense  of  power;  but  they  are  now 
clearly  differentiated,  and  farce  expresses  causes,  while  energy 
expresses  work,  and  capacity  for  work.  But  we  must  steadily 
keep  in  view  the  two  uses  of  the  word  "  force  " ;  gravity,  heat, 
capillarity,  cohesion,  electricity,  &c.,  are  called  forces  :  but  this  is 
a  remnant  of  the  old  habits ;  gravitation  is  truly  a  natural 
force,  so  far  as  we  know,  and  all  forms  of  attraction  may  be  so 
considered;  but  the  strict  idea  of  ** force"  is  that  it  is  an 
expression  which  covers  any  agency  which  can  generate  a 
motion,  or  arrest  or  change  its  direction ;  for  purposes  of  calcu- 
lation it  is,  however,  more  strictly  defined  as  the  generator  of 
'*  momentum  "  which  includes  mass  as  well  as  velocity,  and  this 
definition  enables  us  to  express  the  '*  energy  "  involved  in  any 
action  in  terms  of  unit  force  adequate  to  the  production  of  that 
ener^.    We  may  regard  force  therefore  as 

I.  Belated  to  mechanical  energy,  or  motion  of  matter  as  such, 
which,  like  gravitation,  is  connected  with  the  absolute  weight 
of  matter  in  motion ;  its  common  unit  in  England  is  the  foot 
pound:  that  quantity  of  force  required  to  raise  one  pound 
weight  one  foot  against  the  attraction  of  gravity. 

II.  Force  related  to  the  atom  of  matter.  Heat  does  not  act 
on  matter  by  weight  or  by  bulk,  but  atom  by  atom.    This  dis- 
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oovery  has  played  a  very  important  part  in  chemistry  of  late. 
Each  element  has  its  own  atomic  weight,  and  hydrogen,  being 
the  lightest,  is  taken  as  unity ;  thus  the  atom  of  iron  weighs  as 
much  as  56  atoms  of  hydrogen,  copper  63 '5,  silver  108,  gold 
197.  If  these  relative  weights  of  the  several  substances  (being 
solids)  are  exposed  to  heat,  and  all  raised  to  the  same  tempera- 
ture, and  are  then  each  transferred  to  an  apparatus  capable  of 
measuring  the  heat  they  have  absorbed,  it  will  be  found  that,  dif- 
ferent as  are  the  quantities  of  matter  in  each  case,  they  have  all 
absorbed  the  same  quantity  of  heat.  Of  course  the  experiment 
is  so  delicate  and  difficult  that  perfectly  exact  results  cannot  be 
obtained,  and  as  different  mechanical  work  is  done  in  each  case 
by  difference  of  expansion,  certain  corrections  have  to  be  made ; 
but  the  deduction  is  absolutely  certain,  that  heat  acts  upon 
matter  in  its  several  physical  states,  not  according  to  its  weight, 
but  according  to  the  number  of  atoms  it  contains. 

The  relation  of  compound  substances  to  heat  is  not  so  simple 
as  that  of  elements,  though  still  a  distinct  law  is  traoeable 
throughout ;  each  molecular  form  has  its  own  relation  to  heat, 
^hich  is  due  to  the  number  of  atoms  it  contains,  and  their 
state  of  combination. 

III.  Force  related  to  the  mclecule  of  matter :  such  are  the 
forces  of  electricity  and  magnetism  which  depend  on  the  motion 
and  polarity  of  the  molecules.  Heat  also  is  related  to  the 
molecule  in  connection  with  internal  work,  such  as  expansion 
and  resistance  to  pressure,  and  also  as  to  the  latent  heat  of 
fluidity  :  that  is  to  say,  there  is  a  motion  of  the  molecule  as  a 
whole,  as  well  as  a  motion  of  the  atoms  within  the  molecule. 
Hence  we  learn  that  in  the  gaseous  state,  under  the  same  condi- 
tions of  force,  all  molecules,  whether  simple  or  complex,  occupy 
the  same  space,  so  that  heat  and  pressure  produce  the  same 
amount  of  expansion  or  contraction  upon  all,  proving  that  the 
force  is  acting  upon  the  molecule  as  a  whole,  not  upon  its  com- 
ponent atoms ;  and  it  is  the  same  with  the  latent  heat  of 
fluidity,  because  the  passage  firom  the  solid  to  the  fluid  or 
gaseous  states  is  dependent  upon  the  increased  distance  of  the 
molecules,  which  neutralizes  the  attraction  they  exert  on  each 
other  by  causing  them  to  move  through  wider  spaces. 

rV.  Force  related  to  matter  in  the  form  of  ether.  This 
includes  light,  and  any  forces  known  or  not  as  yet  generally 
known  (for  there  are  such),  which  are  transmitted  to  us  from 
the  sun. 

This  classification  appears  very  suggestive,  as  throwing  light 
on  many  obscure  subjects,  especially  when  combined  with  the 
now  recognized  fact  that  all  the  forces  are  capable  of  transfor- 
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mation  into  each  other ;  it  enables  us  to  conceive  that  if  the 
nndiilations  of  the  ether  prodnce  the  effect  which  we  call  light, 
those  same  imdnlationB,  when  transferred  to  the  material  atoms 
floating,  as  it  were,  in  the  ether,  produce  the  effect  we  call  heat ; 
and  thns  we  may  apprehend  the  reason  why  heat  and  light  are 
so  constantly  coexistent,  and  also  see  why  it  is  that  while  the 
snn  transmits  ns  such  a  constant  supply  of  heat  as  well  as  light, 
yet  to  all  appearance  the  space  between  the  snn  and  ns  is 
actually  deyoid  of  heat.  In  fact,  we  may  consider  that  heat 
and  light  consist  of  the  same  motions,  but  heat  is  the  motiou  of 
matter,  and  light  the  motion  of  ether ;  or  else  that  they  are  the 
same  in  nature,  but  are  perceived  by  different  effects  upon  our 
senses. 

13.  Energy. — The  idea  conveyed  by  this  term  is  replacing 
many  of  the  old  fluids,  and  functions  of  the  ether :  it  is  difficult 
to  define,  because  such  a  name  conveys  the  idea  of  some  actual 
existence,  as  do  the  words  light,  heat,  electricity,  &o.  But  these 
are  now  seen  to  be  not  things,  i)ut  actions,  and  energy  is  thero- 
fore  a  word  which  expresses  the  general  agency  of  which  these 
are  but  forms.  Energy  is  really  motion,  or  the  capacity  to  pass 
into  motion.  Actual  motion,  whether  mechanical  or  as  tempera- 
ture or  sensible  heat,  <&c.,  is  called  kinetic.  The  capacity  to  pass 
into  motion,  as  where  energy  is  stored  in  a  strained  spring,  or  in 
chemical  decomposition  or  what  used  to  be  called  '<  latent  heat," 
is  called  poietUicU.  The  doctrine  of  the  "  conservation  of  energy," 
which  has  played  so  important  a  part  in  modem  science,  teaches 
that  ''energy"  is  as  mdestructible  and  as  impossible  to  be 
created  as  is  "matter":  that  as  in  the  various  actions  which 
occur  matter  is  neither  created  nor  destroyed,  but  simply 
changes  its  combinations  and  forms,  so  it  is  also  with  energy, 
which  (derived  from  the  sun)  was  stored  up  in  effecting  the 
reduction  of  water  and  carbonic  acid  to  form  wood  or  coal, 
remains  "  potential "  and  reappears  in  combustion,  *'  kinetic  "  as 
heat,  and  passes  by  the  aid  of  the  steam  engine  into  mecha- 
nical work ;  all  of  these  being  forms  of  energy  having  measure- 
able  relations  to  each  other.  This  is  in  &ct  the  counterpart 
of  the  doctrine  of  the  co-relation  of  the  forces.  Energy, 
then,  18  the  result  and  the  measure  of  the  action  of  force. 
By  this  enlarged  view  of  force  and  energy  we  find  the  under- 
lying truth  which  justified  an  old  and  apparently  abandoned 
theory,  for,  in  modem  science,  energy,  or  internet  motion,  is 
gradually  assuming  the  position  of  phlogiston  in  the  old 
diemistry. 

14.  ELBCTRiaTT. — The  various  theories  of  the  nature  of  elec- 
tricity are  explained  in  their    proper  places.    Here  it  will 
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suffice  to  say,  that  electricity  is  not  a  thing,  but  only  a  word, 
gronping  together  natural  facts  and  ideas  as  to  their  cause,  and 
that  a  great  error  is  generally  committed,  even  by  eminent 
scientific  men,  by  coni^sing  distinct  things  under  this  one 
name ;  we  speak  of  torrents  of  electricity  poured  forth  from  the 
thunder  doud,  and  from  the  dynamo  machine,  and  in  so  doing 
we  commit  an  error :  we  might  as  well  class  all  the  work  done 
by  hydraulic  machinery,  and  the  phenomena  of  the  ocean,  under 
the  name  of  "  water."  Electricity  comprises  phenomena  of  two 
distinct  orders,  those  of  electric  quantity,  and  of  electric  force ; 
it  is  the  first  of  these  only  to  whidi  the  name  electricity  properly 
belongs,  as  compared  to  a  thing,  a  fluid ;  as  a  matter  of  well« 
known  fact  electric  quantity  is  very  small  in  the  Ughtning 
flash.  The  lightning  is  simply  a  case  in  which  an  enormous 
amount  of  energy  is  charged  upon  a  small  electric  quantity. 
This  ''  quantity  "  is  in  fact  related  to  the  molecular  constitution 
of  matter ;  it  is  manifested  in  chemical  actions.  We  may  find  a 
very  perfect  analogy  in  hydraulic  works,  where  force  is  trans- 
mitted and  work  done  through  the  agency  of  water  in  pipes. 
Electric  "  quantity  "  may  be  compared  to  size  of  pipes  or  bulk 
of  water  transmitted,  while  electric  "force"  resembles  the 
pressure  put  upon  the  water,  as  will  be  seen  hereafter. 

1 5.  We  not  uncommonly  hear  of  the  "  conversion  of  electricity 
into  light,  heat,  or  mechanical  energy."  This  is  an  absolute 
error,  originating  in  the  confusion  of  the  two  factors  of  elec- 
tricity. Electricity  regarded  as  a  quantity  calls  for  two  distinct 
expressions,  Q,  and  Q .  The  first  is  strictly  a  quantity,  and 
is  that  which  the  old  theories  considered  to  be  material  or 
analogous  to  matter,  and  represented  to  the  mind  by  the  ex- 
pression imponderable  fluid,  but  which  the  new  theory  considers 
to  be  numerical,  the  action  of  definite  material  quantities  or 
molecules.  This,  which  is  properly  the  ''  electricity,"  can  no 
more  be  converted  into  heat  or  anything  else,  than  can  the 
water  in  a  steam  boiler  or  hydraulic  engine.  The  second,  Q' 
is  the  electric  ener^,  which  is  the  true  cause  of  electriccd 

CLomena,  and  which  may  be  converted  into  heat  and  work, 
use  it  answers  exactly  to  the  mechanical  energy  (also  con- 
vertible) carried  by  the  water  as  steam  from  a  boiler,  or  under 
pressure  in  the  hydraulic  engine. 

1 6.  According  to  the  theory  adopted  in  these  pages,  electricity 
is  not  material  or  a  quasi-material  fluid,  nor  is  it  a  special  force ; 
it  is  a  form  of  motion;  energy  charged  in  a  special  manner 
upon  ordinary  matter,  and  developing  special  relations  among 
its  molecules.  Since  the  first  edition  of  this  work  was  published, 
this  view  has  gained  much  ground,  and  many  things  which  then 
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were  regarded  as  heresies,  are  now  generally  adopted  as  true 
scientific  princi{>le& 

But  while  scientific  men  are  fast  coming  to  this  view  of 
electricity,  and  it  is  very  commonly  employed,  more  particularly 
in  connection  with  dynamic  electricity  or  galvanism,  still  the 
new  theory  is  rarely  folly  set  forth  and  substituted  for  the  old 
fltiid  theories,  and  therefore  it  is  very  difficult  for  students  to 
obtain  that  clear  view  of  the  subject  which  is  desirable,  especially 
as  all  the  older  terms  of  the  science  were  devised  in  connection 
with  the  old  theories,  and  are  exceedingly  ill-fitted  to  convey 
the  new  one  without  producing  much  confusion  of  ideas. 

This  work  in  its  original  form  was  intended  to  meet  this 
requirement,  and  the  plan  adopted  has  been  to  commence  with 
a  few  leading  facts  and  principles,  then  describe  the  various 
forms  of  instruments  necessary  to  examine  the  actions  of  the 
force,  and  by  their  aid  trace  out  the  general  laws  and  funda- 
mental principles  of  the  science,  after  which  the  applications  of 
the  force  of  which  the  nature  has  been  thus  examined  will 
become  far  more  intelligible  than  by  piling  up  isolated  facts,  or 
describing  mere  processes,  however  practi^ly  valuable. 

To  do  this  in  a  perfectlj^  methodical  manner  is  always  more 
difficult  in  a  natural  science  than  in  mathematical  studies, 
because  it  is  impossible  to  understand  the  most  elementary  facts 
without  a  considerable  acquaintance  with  the  subject ;  and,  on 
the  other  hand,  to  lay  a  wide  foundation  in  elementary  facts 
before  dealing  with  their  theory  would  not  fulfil  the  purpose  of 
both  leading  the  beginner  in  the  best  course  and  showing  the 
more  advanced  how  to  adopt  the  new  interpretations  and  to  free 
themselves  from  the  mental  confusion  produced  by  the  old 
theories,  while  at  the  same  time  furnishing  the  practical  man 
with  the  interpretation  of  the  processes  he  employs. 
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CHAPTER  II. 

STATIC  OR  FBICTIONAL  ELECTBIGITT. 

17.  It  is  now  generally  admitted  that  mechanical  motion  is 
convertible  into  neat,  and  the  effect  of  friction  is  a  familiar 
illustration  of  this.  For  instance,  if  we  turn  a  grindstone,  it 
requires  a  certain  force  to  start  it,  and  then  a  certain  amount  to 
keep  it  in  motion,  to  overcome  the  friction  of  its  bearings  and 
the  air,  and  then  so  much  more  as  is  needed  to  overcome  the 
resistance  of  any  object  we  press  against  it,  this  body  being 
heated  in  proportion  to  that  pressure.  If  we  get  the  stone  into 
rapid  motion,  and  then  cease  to  work  at  it,  it  will  run  a  certain 
time  before  stopping ;  but  if  we  hold  against  it  a  piece  of  steel, 
it  will  come  to  rest  in  much  less  time,  because  its  motion  is 
absorbed  by  the  friction,  and  if  the  stone  is  dry,  we  see  a 
shower  of  sparks  flv  off,  visibly  exhibiting  the  transformation 
of  this  motion  into  neat. 

But  if  we  cover  the  edge  of  our  grindstone  with  certain  sub- 
stances, guttapercha  for  instance,  and  establish  certain  other 
conditions,  we  can  obtain  a  very  different  result;  instead  of 
heat  we  have  electricity  developed.  When  we  ask,  whence 
does  this  electricity  come?  the  modem  doctrines  I  am  now 
setting  forth  teach  us  that  it  is  like  heat,  the  mechanical 
motion  converted  into  molecular  motion — ^that  which  of  these 
forces  we  shall  obtain  depends  entirely  upon  the  conditions  to 
which  we  expose  the  molecules,  and  fiurther,  that  as  soon  as  we 
allow  the  electricity  to  act,  it  either  passes  into  heat,  as 
we  see  by  the  spark,  or  else  does  some  work  which  represents  the 
heat. 

18.  This  development  of  electricity  by  friction  was  observed 
in  early  days,  and  we  derive  the  name  itself  from  electron,  the 
Greek  name  for  amber;  the  substance  by  which  the  phe- 
nomenon of  attraction  after  friction  was  first  manifested.  In 
later  times  it  was  found  that  many  substances  possess  this 
property,  and  such  were  called  "electrics,"  and  those  bodies 
which  do  not  appear  to  possess  it,  "non-electrics."  The  dis- 
tinction is  more  apparent  than  real ;  for  under  certain  condi- 
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tions,  both  dasses  develop  electricity  under  friction,  the  tme 
cause  of  the  difference  bemg  the  different  power  of  subetances 
to  conduct  electricity,  on  which  property  is  based  another 
classification  into  conductors  and  non-conductors;  but  here 
again  increased  knowledge  has  shown  that  no  such  broad 
definition  can  be  sustained,  the  distinction  being  one  of  degree 
only,  not  of  essential  property.  All  substances  are  electrics, 
and  all  conductors,  though  some  conduct  only  very  slightly. 
Faraday,  finding  that  conduction  was  effected  by  "  induction  "  of 
polarity  from  molecule  to  molecule,  introduced  the  term  dieteciric^ 
to  convey  this  conception,  and  the  term  is  commonly  used  now 
in  the  sense  of  a  body  which  transmits  electric  induction,  but 
chiefly  as  limited  to  those  which  do  so  slowly,  or  those  which 
stand  highest  in  the  list  of  electrics.  With  this  understanding 
of  the  meaning  of  the  terms,  as  relative  and  not  absolute,  the 
classification  has  much  practical  value,  and  the  following  is  a 
list  of  ordinary  substances,  in  which,  as  we  descend,  each  one  is 
a  worse  electric  and  better  conductor  than  its  predecessor. 


£leeti1c^:Dlel€ctrki,  or  Noii4>mditctorf. 

Ebonite. 
Shellac 
Paraffin. 
Guttapercha. 
Amber. 
Resins. 
Sulphnr. 
Wax. 
Glass. 
Silk. 
Wool. 
Pars. 

Dry  paper. 
Dry  leather. 
Baked  wood. 
Porcelain. 

Dry  ice,  below  13°  F. 
Crystals  containing  water  of 
crystallization. 


Non-Electrica,  or  Oonducton. 

Oils  in  the  order  of  their  specific 

gravity. 
Metallic  oxides. 
Smoky  flames. 

Vaponrs  of  alcohol  and  ether. 
Rarefied  air. 

Living  animale  and  vegetables. 
Ice  and  snow,  above  13^  F. 
Rain  water. 
Spring  water. 
Sea  water. 
Solutions  of  salts. 
Dilute  acids. 
Powdered  carbon. 
Strong  acids. 
Plumbago  or  graphite. 
Well-burnt  charcoal. 
The  metals  in  order,  silver  being 

the  best. 


19.  A  distinction  may  be  drawn  among  these  substances, 
although  the  lines  of  demarcation  cannot  always  be  exactly 
defined. 

Condueton  are  metals  (also  carbon  in  some  forms)  or  substances 
of  which  metals,  including  hydrogen  as  a  metal,  form  one  of  liie 
molecular  subdivisions  or  ions. 

Dielectrica  are  substances  not  containing  metals  (except  hydro- 
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gen,  whicH  in  them  does  not  replace  a  metal  or  form  a  separate 
constituent)  and  wHose  molecular  constitution  is  complex. 

In  the  former  class  electricity  is  dynamic^  and  the  condudwe 
circuit  is  set  up :  in  the  latter  the  ikUic  phenomena  are  de- 
veloped, and  the  circuit  is  inducHve. 

20.  Static  Elbgtricitt  is  however  a  misnomer:  it  has  no 
existence:  all  the  phenomena  are  due  to  static  strains,  but 
there  is  always  a  gradual  loss,  called  leakagey  which  is,  however, 
the  current  due  to  the  actual  conductivity  of  all  circuits ;  and 
every  motion  set  up  by  so-called  "  static  "  electricity  implies  a 
transfer  of  energy,  and  action  occurring  in  a  field  of  force  set 
up  in  the  form  of  strains  in  the  particular  "  inductive  circuit " 
in  which  the  motions  occur. 

21.  We  may  now  pass  to  experiments,  from  which  alone 
knowledge  is  to  be  obtiftined.  This  is  the  only  royal  road,  for 
mere  reading  will  never  give  a  knowledge  of  science.  For  this 
reason  I  shall  indicate  such  simple  forms  of  instruments  as  any 
one  can  obtain  or  make  for  themselves,  but  which  will,  if  care- 
fully studied,  go  far  to  demonstrate  principles.  The  first  things 
needed  are  a  source  of  electricity,  an  indicator  of  its  presence, 
and  then  the  means  of  collecting  it  and  examining  its  actions. 

If  we  take  a  stick  of  sealing-wax,  or  a  rod  of  glass,  in  one 
hand,  and  rub  it  with  a  piece  of  dry  cloth  or  fur,  we  have  the 
fundamental  experiment  from  which  electrical  science  grew,  for 
we  find  that  we  have  developed  a  force  upon,  or  induced  a  con- 
dition in,  the  rod  which  enables  it  to  attract  and  repel  light 
substances,  and  the  same  effect  may  be  produced  by  rubbing  a 
vulcanite  comb  on  the  sleeve  of  a  coat. 

If  we  examine  the  conditions  of  this  experiment  by  the  light 
of  advanced  knowledge,  we  find  they  consist  in  the  presence  of 
(i)  a  dielectric  in  contact  with  (2)  the  conducting  bodv  of  the 
operator;  (3^  another  electric  in  similar  contact;  (4)  me- 
chanical motion,  or  Motion  of  the  two  electrics ;  and  (5)  separa- 
tion of  them  when  the  friction  is  ended.  These  conditions 
include  every  instrument  devised  for  developing  electricity  by 
friction,  and  they  may  be  applied  in  the  simplest  form. 

22.  The  Electrophorus. — This  is  the  simplest  source  of  elec- 
tricity next  to  the  mere  rod ;  it  has  many  forms,  but  its  prin- 
ciples are  the  same  as  that  of  the  rubbed  rod.  A  common  form 
is  shown  in  Fig.  6.  a  is  a  circular  tin  dish  into  which  is  run  5, 
which  may  be  sulphur  or  any  resinous  substance.  A  cheap 
electric  may  be  made  with  8  piarts  of  resin,  i  of  shellac,  and 
I  of  Venice  turpentine  or  wax,  well  melted  together  and  run 
into  the  dish  a ;  6  is  a  hook  soldered  to  the  tin  dish,  for  conve- 
nience of  attaching  a  chain  as  a  conductor.    The  dish  forms  the 
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oonductor  from  the  dielectric  to  the  earth,  as  the  books  tell  us,  but 
really  to  the  body  of  the  operator,  who  rubs  the  face  of  the  disc 
with  a  piece  of  flannel  or  fur,  or  a  silk  pad  covered  with  electric 
amalgam.  A  means  of  collec- 
ting the  electricity  from  the  Fig.  6. 
sur&oe  is  now  required,  and 
this  is  c,  the  cover,  consist- 
ing of  a  pieoe  of  sheet  metal, 
or    smooth    wood    covered 
with    tinfoil,    and  .having 
a  handle  d  of  glass  or  well 
baked  and  varnished  wood. 
A  very  simple,  and  at  the 
same    time    very    effective 
mode  of  making  insulating 
stands  and   handles,  is  to 
separate  the  surfaces  by  an 
air  space,  and  leave  only 
very  small  continuous  surfaces.     For  instance,  take  a  piece  of 
stout  glass  tubing  of  half-inch  bore  and  4  inches  long :  make 
two  discs  of  hard  wood,  or  preferably  of  vulcanized  fibre  (as 
ebonite  softens  with  heating),  to  fit  tightly  inside  the  tube,  one 
disc  being  thick  (say  quarter-inch)  and  the  other  thin  :   now 
take  a  pieoe  of  strong  glass  tube  or  rod,  of  suitable  length  for 
the  intended  purpose,  or  a  rod  of  wood  prepared  with  paraffin, 
or  even  a  metal  wire  or  tube,  according  to  intended  use ;  make 
a  hole  in  each  disc  to  fit  them  on  the  rod,  and  with  a  file 
convert  the  disc  into  a  star  of  4  or  6  points  :  now  force  the  rod 
and  discs  into  the  larger  tube  so  that  it  enters  a  couple  of 
inches,  the  thin  disc  being  close  to  the  end  of  the  rod  and  half- 
way down  the  tube,  and  the  thick  disc  just  entering  the  tube, 
80  that  its  outer  parts  may  be  filed  off  to  a  curve.     Now  warm 
the  whole  and  dip  it  either  in  thin  varnish  or  in  melted  paraffin. 
The   open  end  of  the  small  tube  will  receive  wires  attached 
to  plates  or  balls;   or  it  can  be  fitted  permanently  with  any 
required  apparatus.     To  convert  this  into  a  stand,  take  a  block 
of  guttapercha,  ebonite,  or  prepared  wood,  with  a  hole  in  it  to 
receive  the  stout  tube.     For  adjustable  stands,  an  upright  rod 
of  wood  can  be  used,  attached  to  a  foot ;  pieces  of  tin  or  brass 
tubing,  filled  with  a  cork  bored  to  fit  the  rod,  will  slide  to 
required  height  and  carry  cross  rods  attached  to  them  on  which 
similar   corked   tubes  will  give   any  desired   angular  adjust- 
ment:   such  easily  constructed    holders  are  very  useful   fur 
chemical  and  other  uses ;  for  electrical  purposes  they  should  be 
prepared  with  paraffin. 
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Wood  conducts  electricity,  on  account  of  the  moisture  it 
contains ;  for  all  electrical  purposes  it  should  be  slowly  and 
thoroughly  baked  without  scorching,  put  into  melted  par- 
affin while  hot,  and  kept  there  as  long  as  any  bubbling  con- 
tinues ;  it  shoxild  then  be  removed,  and  as  it  cools,  be  dipped 
several  times,  so  that  the  grain  and  pores  of  the  wood  become 
thoroughly  filled  up:  in  this  state  wood  is  a  good  insulator. 
Paper  can  be  prepared  in  a  similar  manner. 

A  block  of  fresh  melted  paraffin  makes  a  very  excellent 
insulating  stand. 

23.  It  is  desirable  here  to  remark  that  glass,  though  one  of 
the  best  non-conductors,  has  the  property  of  condensing  a  film 
of  moisture  on  its  surface,  and  thus  becoming  a  conductor. 
Therefore,  those  parts  of  electrical  instruments  which  are  made 
of  glass,  should,  where  possible,  be  covered  with  a  varnish 
which  has  less  attraction  for  moisture.  This  applies  to  the 
handle  of  the  electrophorus  cover,  legs  of  insulating  apparatus, 
and  those  parts  of  electrical  machines  which  have  not  to  be 
rubbed.  The  varnish  should  be  moderately  thin,  so  as  to 
require  several  coats,  rather  than  one  of  a  thick  varnish.  A 
good  cement  is  i  lb.  of  shellac,  dissolved  in  i  pint  of  polisher's 
finish,  with  one-twentieth  of  its  bulk  of  a  solution  of  india- 
rubber  in  bisulphide  of  carbon,  just  thin  enough  to  run  freely. 
This  forms  a  tough,  coherent  suiface,  and  adheres  strongly  if  the 
glass  be  warmed  before  applying  it :  it  is  also  a  good  cement  for 
joining  glass. 

Canada  balsam  also  makes  a  very  good  varnish  for  this 
purpose,  and  probably  a  film  of  collodion  floated  over  the  glass, 
as  in  photography,  is  even  preferable  to  a  varnish. 

Also  in  all  electrical  experiments,  it  is  desirable  to  slightly 
warm  the  apparatus,  and  to  work  in  a  room  the  air  of  which  is 
dry  imd  moderately  warm.  When  the  air  is  moist,  success  is 
scarcely  to  be  attained.  Moist  air  is,  however,  not  a  conductor, 
as  has  long  been  believed:  it  is  the  deposit  of  moisture  on 
suriaces  which  is  the  source  of  loss,  as  the  water  acts  as  a  con- 
ductor. Ebonite  also  requires  similar  treatment,  owing  to  the 
formation  of  an  acid  upon  it :  melted  paraffin  is  useful  as  a 
coating  rubbed  over  ebonite. 

24.  Electroscopes  are  instruments  for  evidencing  the  presence 
of  electricity.  Fig.  7  is  the  simplest  form,  being  a  glass  rod 
mounted  on  a  stand,  and  bent  at  the  top  into  a  hook,  from 
which  hang,  by  silk  thread  or  hair,  one  or  two  pith  balls. 
Fig.  8  is  a  more  elaborate  contrivance  ;  it  is  a  glass  bottle ;  on 
opposite  sides  of  the  inner  surface  are  pasted  strips  of  tinfoil, 
which  are  continued  to  the  outside  and  to  a  brass  ring  fitted 
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with  a  hook,  to  which  chains  may  be  attached.  Through  the 
cork  passes  a  small  tube,  closed  at  the  bottom,  to  whidi  are 
fixed  two  strips  of  gold-leaf.  The  bottle  should  be  well  dried 
and  warmed,  and  the  cork  cemented  in  and  coated  with  shellac 
varnish ;  when  the  loose  fittings  e  or  g  (Fig.  9)  are  inserted  it  is 
a  simple  gold-leaf  electroscope ;  /  is  a  metal  plate  covered  with 
a  coating  of  shellac  on  its  upper  face,  and  when  this  is  fitted  to 
the  instrament  and  an  exactly  similar  plate  with  an  insulating 
handle  placed  upon  it,  we  have  a  condensing  electroscope.  The 
lower  plate  is  connected  to  the  source,  and  the  top  of  the  upper 
plate  touched  with  a  conductor  to  "  earth,"  such  as  the  finger, 
just  as  in  using  the  electrophorus,  and  for  similar  reasons :  on 


Fig.  8.  Fio.  9. 


removal  of  this  conductor  and  then  the  upper  plate,  a  far  greater 
divergence  of  the  leaves  is  produced  than  if  the  source  hiS  been 
connected  to  them  directly,  as  wiU  be  readily  understood  by  the 
explanations  given  in  connection  with  Fig.  25,  §  90. 

2^.  Connected  as  described,  the  leaves  exhibit  the  same  elec- 
tricity as  the  source ;  the  effect  will  equally  be  produced  if  the 
process  is  reversed,  and  the  upper  plate  connected  to  the  source, 
but  then  the  leaves  exhibit  the  opposite  condition.  The  leaves 
diverge  alike  for  positive  or  negative  charges,  but  the  nature  of 
the  charge  is  readily  ascertain^  by  rubbing  a  piece  of  ebonite, 
and  approaching  it  to  the  instrument ;  if  this  is  charged  with 
-h,  the  leaves  wiU  approach  each  other ;  if  with —the  divergence 
will  increase ;  both  effects  are  temporary,  and  cease  when  the 
ebonite  is  withdrawn ;  with  excited  glass  the  action  would  be 
reversed.  A  similar  process  is  useful  in  testing  feeble  charges  ; 
if  the  electroscope  is  charged  slightly  with  +  electricity,  when 
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approached  by  a  +  charged  body  the  leaves  will  increase  in 
divergence ;  on  approaching  a  —  body  they  will  collapse. 

These  instruments  only  indicate  the  presence  of  electricity ; 
to  measure  it  electrometers  are  employed  as  described  §§  61-65. 

26.  One  of  our  standard  electrical  works  says  (and  it  is  jxust 
what  all  say),  *'  Vitreous  substances,  such  as  glass,  become  elec- 
trical by  being  rubbed  with  certain  other  substances ;  in  this 
state  they  attract  light  bodies.  Besinous  substances,  such  as 
sealing-wax  and  guttapercha,  become  also  electrical  when 
rubbed  with  certain  other  substances;  in  this  state  ihey  also 
attract  light  substances.  Bodies  which  have  been  once  attracted 
by  excited  glass  or  excited  resin  will  not  be  attracted  by  the 
same  substance  again  until  they  have  touched  some  body  in 
communication  with  the  earth,  but  will  be  repelled.  A  body 
which,  having  been  attracted  by  an  excited  vitreous  substance 
and  is  then-  repelled  by  it,  is  attracied  by  an  excited  resinous  sub- 
stance ;  so  also  a  body  which  is  repelled  by  an  excited  resinous 
substance  is  attracted  by  an  excited  vitreous  substance." 

These  statements  are  received  as  absolute  truth  by  electricians, 
and  upon  them  the  fluid  theories  of  electricity  are  based ;  and 
yet  there  is  scarcely  a  truth  in  them  which  is  not  overweighted 
by  an  error,  and  the  simplest  facts  are  misinterpreted.* 

*  One  of  the  critics  of  the  first  edition  of  this  work  remarked,  qnoting  this 
statement,  that  he  was  not  aware  "  that  the  author  had  done  anything  to  prove 
that  he  is  able  to  sit  in  judgment  on  the  intellectual  giants  among  modem  men 
of  science.  Mere  off-hand  condemnation  of  the  laborious  work  of  men  like  Sir 
W.  Thomson  and  Prof.  Clerk  Maxwell  cannot  for  one  moment  be  tolerated." 
Those  eminent  writers  were  neither  condemned  nor  named,  and  science  would 
make  poor  progress  if  a  thinker  is  to  be  debarred  from  the  examination  of 
theoretical  principles  adyanced  by  any  one,  however  eminent.  The  reason  of 
these  remarks,  however,  is  that  the  author  has  only  recently  examined  the 
posthumous  work  of  that  great  electrician,  Clerk  Maxwell,  published  in  1881,  and 
there  finds  that  he  was  gradually  abandoning  the  scholastic  theory  of  electricity, 
and  would  apparently  in  due  time  have  adopted  the  very  doctrines  taught  in  these 
pages.  In  his  preface  he  says,  **  in  the  larger  treatise,  I  sometimes  made  use  of 
methods  which  I  do  not  think  the  best  in  themselves,  but  without  which  the 
student  cannot  follow  the  investigations  of  the  founders  of  the  mathematical 
theory  of  electricity.  I  have  since  become  more  convinced  of  the  superiority  of 
methods  akin  to  those  of  Faraday,  and  have  therefore  adopted  them  from  the  first.*' 
The  theory  advocated  in  these  pages  is  the  direct  outcome  of  Faraday's  investiga- 
tions and  teachings,  and  its  methods  of  putting  questions  to  Nature,  instead  of 
creating  an  artificial  oracle  from  mathematical  abstractions,  is  that  of  Faraday, 
who  never  troubled  himself  as  to  those  formulae  which,  as  he  said,  were  the 
affair  of  the  mathematicians.  Now  what  says  Clerk  Maxwell  as  to  the  move- 
ments set  up  by  electricity  ?  He  describes  the  electric  field,  in  which  ai*e  lines  of 
force,  with  an  electromotive  force  acting  in  one  direction  along  those  lines; 
speaking  of  a  suspended  pith-ball,  be  says,  "it  will  move  under  the  action  of  a 
new  force,  developed  by  the  action  of  the  electrified  ball  on  the  electric  condition 
of  the  field."     "  If  the  charge  is  positive,  the  force  which  acts  in  the  ball  is  on 
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27.  Let  us  examine  this  matter  of  attraction  and  repnlsion, 
by  the  aid  of  the  simplest  experiments,  which  every  one  ought 
to  perform  for  himself.  Our  vitreous  substance  may  be  a  piece 
of  stout  glass  tube.  (N.B. — It  must  be  kept  warm  to  get  any 
good  effect.)  For  our  resinous  substance  we  take  a  piece  of 
ebonite,  the  very  best  and  8trong;est  electric ;  the  back  of  a  comb 
will  do,  or  a  slip  cut  out  of  a  thick  sheet.  A  silk  handkerchief 
is  the  readiest  exciter,  or  a  piece  of  flannel  will  do  very  well. 

A  convenient  electroscope  consists  of  a  tube  of  glass  upon  a 
foot ;  in  the  tube  is  placea  a  brass  rod  with  a  tube  across  its 
upper  end,  in  which  slides  a  wire,  one  end  finished  with  a  lump 
of  guttapercha  or  glass  bead,  and  the  other  with  a  hook,  for  the 
pith  ball  or  balls.  Let  a  pith  ball  be  suspended  by  a  diy  hair 
or  silk  fibre,  and  the  excited  electric  be  presented;  the  ball 
will  be  first  strongly  attracted,  and  then  steadily  repelled ;  but 


the  whole /rom  the  positively  electrified  body  and  touxirds  the  negatively  electrified 
walls  of  the  room."  Here  we  have  no  word  about  a  repulsion  between  the  similar 
electricities ;  the  explanation  of  repubion  and  of  the  part  played  by  the  connection 
to  "earth"  are  identical  with  the  teaching  of  this  work  ;  as  we  proceed,  farther 
instances  of  this  will  arise.  It  may  be  properly  remarked  here,  that  in  a  discus- 
sion on  the  subject  of  **  potential,  in  which  several  eminent  electricians  took 
part,  and  in  the  course  of  which  the  author  first  described  potential  and  electro- 
motive force  as  simple  mathematical  expressions  for  the  square  root  of  the  energy 
involved,  Prof.  Clerk  Maxwell  said,  ^  If  we  were  to  restrict  our  attention  to  electro- 
statics it  might  be  convenient  to  use  the  phrase  potential  difierence  instead  of  the 
ordinary  phrase,  electromotive  force,  but  in  other  parts  of  electrical  science  we 
have  to  deal  with  electromotive  force  in  cases  where  potential,  and  therefore 
potential  difference  are  words  without  meaning."  In  the  course  of  the  same 
discussion,  another  eminent  rising  electrician  of  the  mathematical  type,  Dr.  0. 
Lodge,  in  attacking  the  position  maintained  by  the  author  and  Mr.  D.  G.  Fitz- 
gerald, said,  '*  They  would  say,  it  is  impossible  to  give  a  system  of  bodies  an 
absolute  charge  of  either  positive  or  negative  electricity ;  in  other  words,  wherever 
there  is  a  positive  charge  there  must  be  an  equal  negative  charge  somewhere  else, 
connected  with  it  by  lines  of  force.  True !  Again  they  would  say,  the  really  active 
agent  in  electro-static  phenomena  is  the  polarized  dielectric  in  which  the  state  of 
strain  exists ;  and  the  conductors,  one  at  each  end,  are  simply  breaks  in  the 
continuity  of  this  dielectric,  enabling  the  phenomena  called  charge  to  appear  at  the 
bounding  snrfaces.  True— most  true."  Here  again  we  have  the  doctrines  taught 
in  these  pages,  which  are  still  untaught  or  very  partially  accepted  in  the  text- 
books endorsed  by  those  who  belong  to  the  opposite  school.  The  object  of  these 
remarks  is  to  give  confidence  to  students  in  considering  explanations  different  from 
those  usually  given,  and  to  show  them  that  instead  of  being  mere  heresies  they 
simply  mean,  that  in  the  words  of  another  critic  (who  still  objected  to  the 
doctrines  taught  ai  to  repulsion  and  the  electric  field),  the  author  ''has 
boldly  accepted  the  doctrine  germinated  by  Faraday  and  slowly  creeping  into 
scientific  belief  that  electricity  and  magnetism  are  due  to  the  polarity  of  molecules, 
and  that  we  are  to  search  for  it  not  so  much  in  the  conductors  that  bring  it 
within  the  cognizance  of  our  senses,  as  in  the  insulating  media  that  are  insepar- 
able from  its  manifestations."  The  heresy  of  to-day  is  very  often  the  orthodox 
faith  of  the  future. 
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if  an  excited  electric  of  the  opposite  order  be  presented  it  will 
attract  the  ball,  and  then,  if  capable  of  reversing  its  charge, 
will  repel  it. 

Hence  it  is  stated,  as  a  fundamental  law,  that  bodies  similarly 
electrified  repel  each  other,  which  is  not  true,  so  stated.  Moisten 
the  suspending  fibre  slightly,  or  substitute  a  ball  suspended  by 
a  very  fine  wire,  and  no  r^mlnon  will  occur ;  the  bfidl  may  be 
led  up  above  the  stand,  and  the  electric  raised  slightly  ml  a 
point  ij9  reached  at  whidi  the  ball  will  float  as  it  were  in  the 
air,  the  attaching  fibre  hanging  loose,  apparently  having  nothing 
to  do  with  the  ball,  which  thus  acts  me  part  fabulously  attri- 
buted to  Mahomet's  co£Bn.  Why  does  repulsion  occur  in  the 
one  case  and  not  in  the  other?  If  the  excited  electric  be  held 
over  a  table  on  which  are  laid  some  loose  pith  balls  or  pieces  of 
paper,  <&c.,  these  will  fly  up  to  it,  and  back  to  the  table,  rapidly 
repeating  this  process  till  the  electric  excitement  is  considerably 
reduced,  or  till  the  electric  is  taken  farther  away;  then  the 
light  bodies  will  firmly  adhere  to  its  surface.  If  the  supposed 
repulsion  really  existed,  it  is  obvious  that  these  bodies,  which 
are  of  course  similarly  electrified  bv  contact  with  the  electric, 
could  not  he  held  firmiv  to  it.  If  the  electric  when  excited  be 
placed  apart  from  all  surrounding  bodies,  in  a  dusty  atmo- 
sphere and  in  a  beam  of  light,  it  will  be  seen  to  attract  the 
floating  particles  and  hold  them  without  at  all  repelling  them 
after  contact.  In  fact,  the  repulsion  is  only  apparent,  the  real 
cause  of  the  motion  is  to  be  found  in  the  attraction  exerted  by 
the  surrounding  bodies. 

If  two  balls  are  suspended  side  by  side  and  touching,  by  dry 
hairs,  they  act  like  the  single  one,  first  touching  and  then  flying 
from  the  electric ;  on  removing  this,  they  fall  together,  but  will 
not  quite  touch;  they  apparently  exert  a  mutually  repulsive 
action,  which  increases  on  the  approach  of  the  electric,  and  also 
if  on  each  side  an  unexcited  body  is  approached.  If,  while  the 
balls  are  separated  by  this  apparent  repulsion,  an  excited  electric 
of  the  opposite  order  is  brought  near,  they  will  fall  together : 
the  hand  which  holds  the  charging  electric  itself,  or  a  finger  of 
the  other  hand,  will  also  act  as  an  electric  of  the  opposite  order. 

I'hese  experiments  may  be  varied  in  almost  endless  forms, 
and  the  actions  noted  with  various  suspending  fibres,  and  with 
the  stand  of  the  electroscope  insulated  or  connected  to  earth. 
They  will  be  found  described  in  most  text-books,  and  will  not 
be  described  here  for  that  reason,  and  also  because  it  is  not  the 
purpose  of  this  work  to  go  further  into  the  subject  of  static 
electricity  than  is  necessary  for  the  examination  of  its  leading 
principles ;  those  who  wish  to  study  it  thoroughly  will  do  well 
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to  follow  the  smaller  work  of  Clerk  Maxwell,  bearing  in  mind 
however,  that  many  of  his  explanations  were  written  while  his 
inind  was  in  a  state  of  transition,  as  shown  in  note  to  §  26.  A 
still  more  exhaustive  study  of  the  subject  will  be  found  in 
'  AccnniulAtion  and  Conduction  of  Electricity  *  by  P.  C.  Webb. 

28.  The  Two-Fluid  Theory.— When  it  was  found  that  the 
electric  excitement  produced  on  glass  was  opposite  in  its  nature 
to  that  on  amber  and  resins,  the  earlier  experimenters  con- 
cluded that  there  were  two  "fluids"  pervading  matter;  that 
each  of  these  fluids  exerted  a  strongly  repulsive  action  on  its 
own  parts,  or  bodies  charged  with  itself,  but  that  each  fluid  had 
a  strong  attraction  for  the  other,  and  both  a  strong  attraction 
for  ordinary  matter;  also,  that  in  the  ordinary  condition  of 
matter,  the  two  fluids  were  united  in  equal  proportions,  being 
thus  neutralized  and  adherent  to  matter.  Some  have  supposed 
that  the  two  fluids  when  thus  united  constituted  another  hypo- 
thetical fluid,  caloric,  or  heat. 

It  was  supposed  that  by  friction  of  some  substances,  thence 
called  electrics,  these  two  fluids  were  separated,  the  one  remain- 
ing on  the  surface  of  the  electric,  the  other  on  the  rubber,  and 
that  from  these  either  could  be  transferred  to  insulated  bodies, 
that  is,  to  substances  which  fumlBhed  no  pathway  along  which 
the  disunited  fluids  could  And  a  way  to  the  reunion  intensely 
sought  by  both.  Hence,  when  a  charged  body  or  an  excited 
electric  is  presented  to  a  light  movable  body,  the  latter  is  drawn 
towards  it  by  the  attraction  of  the  fluid  for  matter ;  as  soon  as 
the  charge  is  equally  divided,  the  self-repulsive  property  of  the 
fluid  causes  the  bodies  to  repel  each  other ;  and  then  if  a  body 
similarly  charged  with  the  other  fluid  is  within  reach,  attraction 
occurs,  the  fluids  reunite,  with  a  spark  if  the  quantity  and 
tension  are  great,  and  resume  their  usual  neutral  state.  But  if 
there  is  no  such  oppositeljy^  charged  body  accessible,  any  body  in 
conducting  connection  with  the  earth  will  enable  the  charge  to 
dissipate  itself,  as  some  say,  because  the  earth  is  a  comparatively 
infinite  reservoir  of  both  fluids,  but  more  simply  and  more  in 
accordance  with  the  theory  itself,  because  it  presents  an  un- 
limited surface  and  body  of  matter ;  and  the  fluid  distributing 
itself  over  all  surfaces  and  matter  to  which  it  has  a  conducting 
path,  the  charge,  which  is  great  upon  the  small  surface  of  the 
electrified  body,  becomes  nothing  when  it  has  the  whole  earth 
to  spread  itself  over.  This  hypothesis  was  built  upon  the 
phenomena  of  frictional  electricity,  and  of  these  it  furnishes  a 
moderately  satisfactory  explanation. 

29.  The   One-Fluid  Theort    was  devised  by  Franklin,  as 
more  simple  than  the  other.    He  supposed  that  there  was  one 
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electric  fluid  pervading  all  matter,  poeseesin^  a  strong  attrac- 
tion for  matter,  but  being  strongly  self-repulsive  :  matter  in  its 
ordinary  state  has  in  connection  with  it  so  much  fluid  as  satis- 
fies the  mutual  attractions,  but  when  certain  bodies  (electrics) 
are  rubbed,  some  absorb  part  of  the  electricity  from  the  rubber, 
and  thus  become  positively  charged  with  this  overplus ;  others 
part  with  their  proper  electricity  to  the  rubber,  and  thus  remain 
themselves  negatively  charged.  As  with  the  other  theory,  the 
earth  is  supposed  to  receive  the  electricity  driven  off,  or  to 
supply  any  quantity  of  it  when  needed.  This  theory  also 
explains  the  ordinaiy  phenomena  of  static  electricity,  and  on  it 
Berzelius  built  his  electro-chemical  theory,  which  ruled  chemical 
science  for  many  years,  treating  the  relative  affinities  of  different 
substances  as  due  to  the  relative  proportions  of  electricity 
belonging  to  them. 

30.  All  the  terms  of  electrical  science  have  grown  up  from 
these  theories,  and  hence  we  have 

Vitreous   1        (  Resinous   1 

Positive     I  and  I  Negative   |  Electricity: 

+     J     (     -    ) 

also  the  words  charge,  quantity,  conduction,  accumulation,  and 
distribution,  which  imply  the  passage  of  something  having  a 
real  separate  existence ;  these  and  similar  terms  we  are  obliged 
still  to  use,  but  I  will  define  the  meanings  they  are  to  convey  in 
this  work.  The  last  terms  and  their  signs  will  be  those  used, 
as  they  are  generally  known,  but  they  will  not  be  used  as 
conveying  the  idea  of  an  excess  or  deficiency  of  a  fluid,  but 
simply  as  expressing  opposite  polarities  of  matter. 

31.  The  Molecular  Theory  was  founded  by  Faraday  in  his 
memorable  experiments  on  induction,  but  it  has  since  grown 
with  the  growth  of  the  other  sciences ;  it  is  a  necessary  sequence 
to  the  now  established  doctrine  of  heat  being  motion,  and  is 
intimately  connected  with  the  more  modem  and  rapidly  ad- 
vancing doctrines  of  chemistry.  Simply  stated,  it  is,  that  elec- 
tricity has  no  existence  as  an  entity,  but  the  phenomena  we  call 
electrical  are  due  to  properties  and  motions  of  the  molecules  of 
matter,  to  comprehend  which  we  must  now  return  to  the  con- 
sideration of  tibe  molecules  themselves  and  their  mode  of  ar- 
rangement into  the  usual  forms  and  substances  known  to  us. 
Of  late  there  has  been  a  tendency  to  attribute  the  actions  of 
electricity  to  motions  of  the  supposed  ether  (see  §  O,  which  is 
conRidered  to  be  in  some  way  condensed  upon  tiie  material 
molecules:  this  idea  is  naturally  most  favoured  by  mathema- 
ticians ;  it  is  unnecessary  to  consider  it,  and  to  all  but  trained 
mathematical  minds  it  is  nearly  incomprehensible,  and  appears 
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only  a  modification  of  the  old  one-fluid  theory :  if  the  ether  is 
so  oondensed,  it  becomes  a  part  of  the  material  molecule  and  the 
cause  of  its  actions,  and  therefore  all  that  is  really  known  can  he 
studied  by  considering  the  molecule  as  possessing  certain  pro- 
perties now  to  be  studied,  leaving  in  suspense,  as  beyond  our 
present  knowledge,  the  cause  of  those  properties. 

32.  Our  former  consideration  of  the  molecule  {§§  8,  9)  related 
to  its  chemical  constitution.  We  have  now  to  examine  its 
physical  character,  internal,  as  regards  the  manner  of  its  exis* 
tence  and  breaking  up,  and  external,  as  to  its  attractions  for 
and  relations  to  other  molecules ;  and  we  have  to  consider  it  as 
a  body  composed  of  two  distinct  parts  linked  together,  but 
acting  also  as  a  whole  from  a  common  centre.  TyndalFs  words 
when  describing  the  actions  of  light,  heat,  and  pressure  on 
gases,  convey  the  idea  very  fully: — ** Molecules  do  separate 
from  each  other  when  the  external  pressure  is  lessened  or  re- 
moved, but  the  atoms  do  not.  The  reason  of  this  stability  is 
that  two  forces —the  one  attractive  and  the  other  repulsive — 
are  in  operation  between  every  two  atoms,  and  the  position  of 
every  atom — its  distance  from  its  feUow — ^is  determined  by  the 
equilibration  of  these  forces/'  **  The  point  at  which  attraction 
and  repulsion  are  equal  to  each  other  is  the  atom's  position  of 
equilibrium.  If  not  absolutely  cold — and  there  is  no  such  thing 
as  absolute  coldness  in  our  comer  of  nature — the  atoms  are 
always  in  a  state  of  vibration,  their  vibrations  being  executed 
across  their  positions  of  equilibrium." 

This  means  that  the  internal  attractions  of  matter  draw  the 
atoms  together;  the  forces  of  heat,  &c.,  as  motion,  tend  to 
separate  them;  and  (the  molecule  being  constituted  by  the 
balance  of  these  forces)  additional  force  tends  to  separate  the 
atoms,  and  break  up  the  molecule.  We  may  now  simplify  our 
conception  by  Fig.  10  a,  in  which   we  f      in 

represent  the  two  halves  of  the  molecule  ^^'     ' 

as  vibrating,  under  the  influence  of  the 
undulations  of  heat,  on  a  central  point 
and  vertical  line. 

Now  suppose  a  force  exerted  which 
either  intensifies  those  oscillations,  as, 
for  instance,   heat,  or  which  sets  up  a  i 

revolution  of  the  entire  molecule  on  the     c^O   C^I^D  ^ 
same  centre  and  line,  the  effect  would  be  | 

to  alter  the  molecule  to  Fig.  10  6,  in 

which  it  is  obvious  the  internal  attractions  are  weakened.  If 
we  now  conceive  a  line  of  such  molecules,  Fig.  10  c,  we  see  that 
there  must  come  a  time  when  the  atomic  attractions  will  be 
greatly  weakened  internally  and  partly  exerted  on  the  cor- 
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responding  or  complementary  parts  of  neighbouring  molecules. 
In  this  state  the  substance  may  be  said  to  be  polarized.  The 
decree  of  this  tendency  would  be  called  its  tension,  being  the 
strain  upon  the  attractive  forces ;  as  this  increases  there  oomes 
a  period  when  the  molecules  break  up  and  re-form,  as  shown  in 
Fig.  10  d.  This  will  be  a  discharge.  The  extreme  atoms  here 
may  be  considered  either  as  forming  parts  of  a  continued  chain, 
or  as  set  free. 

Faraday's  theory  of  induction  by  polarization  of  adjacent 
molecules,  though  the  origin  of  this  conception,  is  very  different 
&om  it ;  he  was  treating  of  the  actions  of  a  body  charged  with 
one  kind  of  electricity,  and  the  mode  in  which  it  produced  elec- 
trical actions  on  surrounding  bodies,  but  later  discoveries  have 
developed  that  theory  of  the  effect  of  electricity  in  the  form  of 
charge,  into  a  theory  of  the  source  or  cause  of  electricity  itself: 
this  theory,  which  is  the  one  adopted  in  this  work,  may  be  thus 
defined. 

Electrical  action  is  developed  only  when  a  complete  chain  of 
polarized  molecules  can  be  formed.  When  that  chain  is  wholly 
composed  of  conducting  molecules,  dynamic  electricity  is  mani- 
fested ;  when  the  chain  is  partly  composed  of  non-conducting 
molecules,  we  have  static  electricity.  The  distinction  between 
the  two  is  the  presence  or  absence  of  the  conditions  of  discharge. 
(See  also  §  40.) 

33.  We  are  now  ready  to  examine  the  conditions  under 
which,  and  the  reasons  why,  friction  developes  electricity ;  and 
first,  one  glance  at  the  utter  improbability  of  the  "fluid" 
explanation  of  this.  The  fluids  have  a  strong  attraction  for 
each  other  and  for  matter,  yet  the  rubbing  of  two  substances 
together  is  sufficient  to  separate  the  fluids  from  each  other,  and 
the  matter  with  which  they  are  in  quiet  union.  They  have  a 
strong  repulsion  for  themselves,  yet,  in  addition  to  overcoming 
these  attractions,  we  collect  these  self-repulsive  fluids  into 
separate  reservoirs.  At  the  instant  of  doing  so  these  reser- 
voirs are  in  actual  contact,  yet  the  fluids  do  not  reunite  there, 
though  they  will  do  so  with  great  violence  when  again  brought 
into  somewhat  near  neighbourhood,  and  travel  any  distance  to  get 
the  opportunity.  In  fact,  at  the  point  of  origin  the  fluids  must 
actually  transform  their  mutual  attractions  into  repulsions. 
Looked  at  thus,  it  is  obvious  that  such  theories  could  only  have 
been  formed  in  the  determination  to  make  some  kind  of  explana- 
tion of  striking  phenomena  newly  discovered,  and  that  they 
have  held  their  ground  simply  from  habit  and  the  gradual 
training  of  every  one*s  mind  to  study  the  phenomena  only  by 
means  of  them. 

34.  Whenever  two  solids  or  a  solid  and  a  liquid  are  rubbed 
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together,  electricity  is  developed ;  gases  do  not  appear  to  pro- 
duce this  effect,  bnt  we  need  attend  now  only  to  the  special 
phenomena  of  ordinary  electrical  excitement.  We  have  hitherto 
treated  glass  as  becoming  positive  by  friction,  developing 
vitreous  electricity,  but  this  is  not  an  absolute  fact ;  if,  instead 
of  a  piece  of  silk  for  a  rubber,  we  use  a  piece  of  cat's-skin,  the 
glass  becomes  negative.  The  exact  relation  between  various 
substances  is  stated  variously  by  different  experimenters :  the 
following  list  (given  in  Ganot's  *  Physics,'  and  probably  the 
most  correct)  shows  the  bodies  which  when  rubbed  together 
develop  positive  electricity  in  the  first  and  negative  in  the  one 
which  iB  lower  in  the  list : — 


+  Cat'wkin. 

The  hand. 

Shellac. 

Glass, 

Wood. 

Caoutchouc. 

Ivory. 

Sulphur. 

Kesin. 

Silk. 

Flannel. 

Guttapercha. 

Rock-crjstal. 

Cotton. 

Metals. 

We  may  certainly  deduce  from  this  list,  that  the  nature  of  the 
substances  in  friction  has  a  great  deal  to  do  with  the  result,  and 
probably  the  most  complete  examination  into  this  point  was 
made  by  Coulomb,  whose  conclusions  were,  that  those  bodies 
whose  parts  are  least  disturbed  by  the  friction  tend  to  become 
positive,  particularly  if  compressed ;  those  which  are  most  dis- 
turbed become  negative,  especially  if  dilated. 

35.  This  implies  simply  that  molecular  disturbance  is  the 
cause  of  the  electricity ;  and  the  deduction  is  very  plain,  that 
when  two  dissimilar  substances  are  rubbed  together,  a  certain 
amount  of  adhesion  is  produced,  and  adhesion  is  attraction  of  a 
nature  closely  resembling  cohesion;  it  is  simply  an  external 
attraction,  as  cohesion  is  an  internal  one.  This  attraction, 
therefore,  is  to  some  extent  opposed  to  the  natural  state  of  the 
bodies;  it  tends  to  draw  the  superficial  molecules  away  from 
their  neighbours;  the  opposing  or  complementary  halves  of 
these  tend  to  unite,  and  therefore  the  internal  attraction  of  the 
molecules  themselves  is  weaJsened — they  are  polarized ;  Fig.  1 1 
conveys  an  idea  of  this  effect.  The 
superficial  molecules  react  on  their  ^^^*  ^^' 

neighbours;   and  a  complete  chain  -•""• 

of    excited    polarized    molecules  is  ^^  ff  ^  ^      \ 

formed,  along  which  is  transferred  /)  /)  ^  /)  "^  *^ 

the  energy  which  but  for  the  frio-        ^W  W  W  wjf     • 
tion  would  have  generated  inci^eased  **♦  * 

motion.     It  does  so  still,  but  if  there 

be  no  resistance  it  produces  that  which  we  see  and  familiarly 
call  motion ;  if  there  is  resistance,  we  have  the  motion  among 
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the  molecules,  whicli  is  electricity,  and  this  again  exhausts 
itself  by  transmission  to  neighbouring  matter  in  the  vibrations 
of  heat. 

Here  we  have  a  simple  theory  which  unites  Static  and 
Dynamic  electricity,  and  explains  alike  the  excitement  by 
friction,  contact,  chemical  action,  and  heat.  All  are  due  to 
calling  into  action  the  latent  attraction  between  what  for 
convenience  we  may  call  the  -|-  and  —  atoms  of  different  mole* 
cules,  thus  weakening  the  -|-  and  the  —  attractions  mthin  the 
molecules.  This  theory  also  includes  in  one  the  two  long- 
contested  theories  of  dynamic  electricity,  the  Contact  and  the 
Chemical. 

36.  Now,  returning  to  Fig.  ii,  let  the  line  of  dots  c  represent 
the  molecular  chain,  which  is  shown  variously  formed  to  convey 
the  idea  of  the  different  substances  which  may  compose  it.  If 
we  separate  the  two  surfaces,  the  intervening  air  is  polarized, 
and  keeps  the  chain  complete.  Readers  will  now  see  the 
explanation  of  the  experiments  §  27.  When  we  rub  the  electric 
the  chain  is  formed  through  the  body.  On  separation  it  com- 
pletes itself  through  the  air,  showing  the  one  hand  holding  the 
electric  -|-,  the  other  hand  —  or  the  reverse.  On  presenting  the 
electric,  the  ball,  coming  within  the  circles  of  polarized  mole- 
cules, is  itself  polarized  and  attracted.  It  then  sets  up  its  own 
circle  of  polarity  through  its  suspending  fibre,  supporting  rod, 
down  the  stem  and  across  the  air,  and  hence  all  the  resulting 
phenomena  of  attraction  and  repulsion  ;  for  this  reason  also  the 
results  are  so  different  when  the  suspending  fibre  is  non-con- 
ducting or  conducting,  inasmuch  as  on  that  depends  the  road 
through  which  the  effort  to  discharge  must  be  made. 

37.  The  foregoing  remarks  show  the  new  meanings  which,  in 
accordance  with  this  theory,  must  be  given  to  the  old  terms  of 
tension  and  discharge.  Polarization  already  bears  this  meaning, 
though  it  has  also  been  applied  to  some  other  phenomena.  But 
though  ''discharge"  is  described  as  the  breaking-up  and  re- 
formation of  molecules,  it  is  most  probable  that  it  includes 
another  process.  This  is  the  simplest  to  conceive,  and  is 
certainly  that  which  occurs  whenever  chemical  action  takes 
place,  and  probably,  therefore,  in  all  passages  of  electricity 
through  liquids.  But  it  is  possible  that  the  molecules  transmit 
the  motion  without  being  themselves  broken  up.  We  do 
not  understand  yet  what  cohesion  is,  but  it  is  certainly  an 
attracfcion  between  the  molecules,  acting  from  their  centres,  in 
a  manner  analogous  to  the  action  of  the  atoms  on  each  other ; 
hence  we  may  rea,dily  perceive  the  probability  of  another  kind 
of  polarization,  consisting  of   a  tendency  to  form  groups  of 
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inoleouleB,  and  to  effect  discharge  through  the  extra-molecnlar 
forces  of  cohesion,  instead  of  through  the  atomic  or  chemical 
attractions  mthin  the  molecules.  This  subject  has  not  as  yet 
been  examined,  and  indeed  the  task  is  a  very  difficult  one, 
though  it  will  well  repay  those  who  have  the  power  to  examine 
it,  for  here  may  possibly  be  found  the  explanation  of  the 
differences  of  action  of  electricity  on  different  bodies,  and  their 
relative  conductivity  as  depending  upon  the  forces  either  of 
atomic  attraction  or  molecular  cohesion,  and  the  energy  required 
to  overcome  either  of  these  according  to  circumstances.  The 
same  explanations  and  the  same  diagrams  will  however  equally 
convey  the  idea  whether  we  consider  that  Figs.  lo  and  ii 
represent  the  single  molecules  breaking  up,  or  groups  of  mole- 
ernes  doing  so,  b^use  the  figures  are  not  pictures  of  the  things 
themselves,  but  merely  an  endeavour  to  realize  ideas  as  to  their 
actions. 

Another  mode  of  transmission  is  by  rotation  of,  without 
actual  breaking  up  the  molecules,  which  evidently  occurs  in 
liquid  conduction  and  probably  in  all  conductors  in  a  spiral 
path  along  the  conductor. 

38.  The  fundamental  laws  which  experiment  has  thus  far 
developed  are : — 

(i)  EUctrified  wihatances  attract  neutral  substances,  and  then 
under  certain  conditions  repel  them.  They  do  so  by  polarizing 
their  constituent  molecules,  and  then,  if  the  electrified  body  be 
in  a  -f~  oondition,  attracting  the  —  side  of  the  attracted 
substance. 

f  2)  Substances  dissimilarly  electrified  attract  each  other.  That  is, 
clies,  the  external  molecules  of  which  present,  one  their  + 
extremities,  the  other  their  —  extremities  to  each  other,  are 
mutually  attractive. 

(3)  Substances  similarly  electrified  repel  each  other.  That  is, 
there  is  no  attraction  between  the  two  molecules  presenting 
their  +  or  —  extremities  to  each  other,  and  they  repel  each 
other  apparently ;  but  not  owing  to  any  real  repulsion. 

These  are  the  ordinary  electrical  laws  (for  a  scientific  law 
means  the  statement  of  a  natural  fact),  interpreted  according  to 
the  molecular  theory.  Their  full  meaning  will  be  seen  when 
the  nature  of  the  ''  inductive  circuit "  and  the  action  of  a  field 
of  electric  force  have  been  studied. 

39.  The  action  of  the  electrophorus  will  exhibit  many  of  the 
pnnciples  of  electrical  science,  though  we  cannot  obtain  from  it 
any  very  striking  effects  like  those  of  powerful  machines.  A 
very  convenient  and  simple  form  consists  of  a  glass  and  an 
ebonite  disc  (the  glass  merely  for  noting  differences  of  action). 
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provided  with  a  cover  like  Fig.  6,  and  a  stand  of  wood  some- 
what larger  than  the  disca  The  wood  should  be  thoroughly 
baked,  well  covered  with  shellac  varnish,  or  treated  with 
paraffin  as  described  %  22,  and  snpported  by  three  feet  of 
ebonite  rod  or  guttapercha  to  form  an  insulating  stand.  The 
upper  face  should  be  covered  all  over  with  tinfoil,  connected  to 
a  small  hook  or  ball  screwed  into  one  side  for  attaching 
oonductors  to.  On  the  edge  of  the  fSetce  should  be  three  studs  or 
pieces  of  wood  to  hold  the  disc  in  its  place  when  rubbed. 
These  stands  serve  also  for  many  experimental  purposes,  and 
may  be  used  as  an  artificial  "  earth."  To  use  the  apparatus  for 
examining  the  principles  of  the  electrophorus,  place  the  ebonite 
disc  on  the  stand,  rub  it  well  with  a  silk  handkerchief  and 
apply  to  its  face  a  proof  plane.  This  is  simply  a  miniature 
cover,  a  piece  of  metal  or  wood  covered  with  foil,  and  mounted 
on  a  glass  handle ;  it  is  well  to  have  a  variety  of  these  of 
various  forms  and  sizes,  providing  them  aU  with  a  piece  of  tube 
or  a  wire  at  the  back,  to  slip  on  a  glass  handle  or  a  stick  of 
shellac.  On  touching  the  ebonite  with  this  and  presenting  it 
to  the  pith  ball  electroscope  it  will  be  found  that  there  is  no 
action.  Now  this  may  arise  from  two  causes,  and  therefore 
the  principle  must  be  examined. 

40.  It  is  generally  considered  that  when  an  insulated  body 
touches  a  charged  one,  the  two  become  one,  as  far  as  the  electricity 
is  concerned  ;  that  this  distributes  itself  over  both  surfaces,  and 
when  these  are  separated  each  is  supposed  to  retain  its  propor- 
tionate share  of  the  "  fluid."  The  proof  plane  is  so  employed  in 
many  cases,  but  it  acts  differently  on  the  electrophorus,  a  fact 
which  throws  great  light  upon  the  true  but  ill-understood  nature 
of  "  Charge."  The  electrophorus  is  ap^rently,  to  all  intents,  a 
charged  body,  for  its  fewe,  if  resinous,  is  in  a  purely  negative  or — 
state,  yet  if  we  apply  the  proof  plane  and  remove  it  we  shall  only 
discover  a  faint  charge  by  very  delicate  instruments.  To 
obtain  electricity  on  the  plane  we  must  touch  its  upper  face 
with  a  conducting  body,  in  what  is  called  ^'connection  to 
earth  " ;  practically  the  operator's  finger  will  serve,  but  for  the 
sake  of  theoiy  the  connection  should  be  a  piece  of  wire  attached 
to  a  chain,  which  drops  on  the  floor,  or  is  hung  to  a  gas-pipe. 
This  is  also  the  way  in  which  the  electrophorus  is  used  for 
any  purpose ;  in  order  to  charge  it  by  friction,  the  back  of  it, 
whether  this  be  a  metal  dish  in  which  it  is  cast  or  the  foil  on 
the  back  of  a  disc  lying  on  the  stand  described  §  39,  must  be 
•'  connected  to  earth  " ;  this  means,  as  in  all  other  cases,  that  it 
must  be  connected  to  the  rubber;  without  this  no  charge  is 
generated;  but  this  circuit  being  made  (either  by  the  chain 
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described  or  by  the  operator  touching  the  back  of  the  inBtru- 
ment  if  insulated)  it  is  excited  by  friction,  the  cover  placed  on 
its  face  and  touched  on  the  upper  surface  with  the  finger,  to 
make  connection  to  the  back;  the  cover  when  now  raised  is 
found  to  be  charged,  and  sparks  may  be  drawn  from  it.  The 
instrument,  when  excited,  will  retain  its  powers  for  a  long  time 
if  the  cover  be  placed  on  it;  in  a  dry  air  it  may  retain  its 
charge  for  days  or  weeks,  ready  to  give  a  spark  without  fresh 
excitement. 

A  reference  to  Fig.  ii,  p.  27,  will  explain  the  conditions. 
The  lower  line  of  molecules  h  may  represent  the  excited  disc, 
and  the  upper  row  a  represent  the  rubber  during  excitement, 
and  the  cover  when  in  use.  The  mass  of  the  dielectric  becomes 
polarized,  and  the  essential  property  of  these  dielectrics  is  to 
retain  this  condition  of  stress  in  which  energy  is  so  charged 
upon  their  molectdes  as  to  constitute  a  field  of  force  within 
them,  having  a  strong  resemblance  to  the  magnetic  conditions. 
In  order  to  set  up  this  field  of  force  and  state  of  stress,  the 
primary  condition  is  that  there  shall  be  a  completed  circuit 
(§§  21  and  32;.  If  the  connecting  chain  c,  Fig.  11,  is  removed, 
we  find  the  electrophorus  which  it  represents  will  receive  no 
electric  charge,  but  friction  would  heat  it :  if,  to  use  the  old 
phrase,  we  connect  the  sole  plate  to  earth,  with  which  the 
rubber  is  also  connected  through  the  body  of  the  operator,  we 
have  electricity  instead  of  heat,  that  is  to  say  we  have 
potentMol  energy  stored  as  stress  in  the  molecules  of  the  dielectric, 
ready  to  produce  the  phenomena  of  electricity,  when  the  proper 
concdtions  are  present.  If  we  now  place  the  cover  on  the  face, 
without  connecting  it  to  the  back,  the  cover  simply  replaces  a 
stratum  of  air,  and  it  has  on  its  upper  face  a  charge  of  the 
same  order  as  that  of  the  face  of  the  electrophorus,  whUe  lying  on 
it,  but  no  charge  at  all  if  removed.  Its  conditions  are  exactly 
the  same  as  those  of  a  cylinder  brought  within  the  '*  inductive 
field"  of  a  charged  body,  §  87.  It  is  simply  **  polarized,"  + 
on  one  side  and  equally  —  on  the  other.  But  if  we  close  the 
circuit  e.  Fig  11,  new  conditions  arise;  if  the  cover  were  in 
perfect  contact  with  the  dielectric,  disdiarge  would  occur,  for 
then  the  conditions  would  be  identical  with  those  of  the 
Leyden  jar.  But  in  &yot  the  cover  only  touches  a  few  parts 
of  the  surface ;  the  conditions  are  more  comparable  with  those 
of  a  magnet  when  its  armature  is  placed  on  its  poles ;  the 
oonsequenoe  is  that  when  this  circuit  is  broken  by  removal 
of  the  finger,  or  otherwise,  the  cover  assumes  a  state  opposite  to 
that  of  the  dielectric,  because  now  it  really  continues  the 
polar  order  of  the  other  side  of  the  dielectric  to  which  it  had 
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been  connected.  The  old  explanation  was  that  —  charge  of 
the  face  induced  a  +  charge  on  the  cover  as  it  approached, 
and  that  the  corresponding  —  of  the  cover  went  away  into 
the  earth,  and  then  the  opposing  -)-  and  —  charges  bound  or 
dimmulated  each  other,  all  which  is  needless  complication. 
There  is  an  attraction  between  face  and  cover,  as  there  is 
between  magnet  and  armature,  in  which  latter  case  we  have 
what  might  equally  be  called,  bound  or  dissimulated  mag- 
netism ;  in  both  cases  also  the  removal  of  the  attracted  ^body, 
against  the  force  of  attraction,  restores  the  energy  expended  in 
setting  up  the  polar  force.  The  cover  on  removal  has  an 
apparent  charge  of  free  +  electricity ;  but  in  fact,  as  long  as  it 
lies  on  the  plate  it  is  in  the  line  of  the  external  circuit  of  the 
plate  to  its  sole,  and  on  removal,  it  divides  that  external  field, 
setting  up  fresh  lines  of  force  to  all  surrounding  objects,  until 
it  approaches  near  enough  to  some  object  in  which  these  lines 
of  force  can  concentrate,  when  discharge  of  this  local  field 
occurs  as  a  spark.  The  required  connection  to  the  sole  or  other 
side  of  the  dielectric  is  frequently  made  by  a  pin  coming 
through  the  mass  of  the  electrophorus,  with  which  the  cover 
makes  contact  at  once  without  any  special  process:  this 
disposes  of  any  theory  calling  forth  the  agency  of  the  "  earth  " 
as  a  reservoir  and  sink  of  electricity,  because  the  instrument 
acts  just  as  perfectly  when  insulated  as  when  connected  to 
earth ;  so  also  do  electrical  machines  when  their  rubbers  are 
insulated  and  connected  to  the  outer  coating  of  a  Ley  den  jar 
while  charge  is  given  to  the  inner  coating  from  the  prime 
conductor. 

41.  In  working  for  discovery  it  is  requisite  to  experiment 
first  and  then  seek  the  interpretation,  and  this  is  a  good  mode 
of  instruction  also ;  but,  on  the  other  hand,  an  experiment,  and, 
still  more,  a  description  of  one,  is  far  more  intelligently  studied 
when  its  object  is  understood ;  and  for  this  reason,  before  pro- 
ceeding to  the  details  of  the  laws  and  experiments  of  charge, 
it  may  be  well  to  first  explain  the  general  principles,  although 
to  understand  them  fully,  requires  acquaintance  with  the  details 
which  will  follow.  The  expressions  of  most  electrical  writers 
are  such  as  to  justify  the  common  notion  that  either  positive  or 
negative  electricity  is  capable  of  separate  existence,  isolated 
from,  and  independent  of,  its  opposite.  Tet  all  admit  this 
general  law. 

(4)  One  dectridiy  can  never  he  produced  without  producing  at 
the  same  time  an  equal  quantity  of  the  other. 

Thus,  in  friction,  if  the  electric  be  4-»  the  rubber  is  -  ;  so 
also  in  a  battery,  one  extremity  is  +,  the  other  —  ;  and  in  a 
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Leyden  jar  if  the  inner  coating  is  positive,  the  enter  is  nega* 
tiv&  AU  theories  include  this  law,  because  it  is  a  simple  fact ; 
but  it  is  an  inevitable  consequence  of  the  molecular  theoiy,  for 
the  molecules  necessarily  have  tviro  opposite  sides,  ana  the 
reactions  of  these  sides  are  the  causes  of  the  phenomena.  But 
the  fluid  theories  assume  that,  having  produced  separation  of 
the  two  electricities,  one  of  them  may  be  dismissed  into  the  earth 
as  the  common  reservoir,  or  infinite  conducting  surface,  leaving 
the  other  free  and  isolated. 

42.  Earth  Connectioh. — This  assumption  is  attended  with 
many  difficulties,  all  of  which  the  molecular  theory  disposes  of 
by  doing  away  altogether  with  the  supposed  function  of  the 
earth,  which  really  acts  simply  as  any  other  conductor  does  in 
dynamic  electricity,  and  has  nothing  at  all  to  do  with  static 
electricity.  The  *'  earth  "  connection  is,  in  fact,  nothing  but  a 
junction  common  to  all  the  circuits  which  may  be  connected 
to  it :  it  should  be  regarded  as  a  zero  or  common  binding  screw. 

As  we  usually  work  an  electrical  machine,  we  must  lead  a 
chain  from  the  rubber  to  the  floor  or  gas-pipe,  or  else  we  can 
obtain  only  a  very  slight  effect.  Hence  the  idea  that  we  make 
a  connection  with  the  mass  or  surface  of  the  earth  itself.  But 
what  we  really  do  is  to  form  a  connection,  by  means  of  mo- 
derately good  conductors,  with  the  wcdU  of  the  room.  The  effect 
is  to  produce  a  large  sur- 


Fig.  12. 
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iace  polarized  under  feeble 
tension,  and  then  the  whole 
of  the  air  in  the  room  is 
polarized  and  completes 
the  electrical  circuit.  The 
room  becomes,  in  fact,  a 
large  Leyden  jar,  of  which 
the  dielectric  air  represents 
the  glass.  The  charged 
bodies  or  prime  conductor 
form  the  inner  coating,  and 
the  walls  of  the  room  the 
outer  coating.  Thus,  when 
another  insulated  body 
touches  the  first,  it  does 
not,  as  generally  supposed, 
take  part  of  its  free  elec- 
tricity. It  simply  enlarges  the  "  inner  coating,"  and,  of  course, 
in  doing  so  proportionately  lowers  the  "  density  "  of  the  charge, 
that  is,  the  ntimber  of  lines  of  force  upon  a  given  area. 
43.  SuBROUNDiNO  SuRF ACB3.— -  Fig.  12  represents  this.     +  is  the 
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charged  body,  with  all  its  molecules  presenting  their  +  extremi- 
ties outwards ;  a  is  the  earth  connection  conveying  the  polariza- 
tion to  the  walls  of  the  room,  which  ptre  thus  rendered  — ,  and 
5  h  are  the  molecules  of  air  completing  the  chains.  This  ex- 
plains why  any  one  at  all  near  an  electrical  machine  in  action 
experiences  a  peculiar  tingling  sensation.  His  body  is  in  the 
path  of  polarization,  and  as  he  is  a  better  conductor  than  the 
air,  a  good  part  of  Ihe  circuit  is  concentrated  in  his  body.  All 
the  small  superficial  hairs  rise  and  point  on  one  side  to  the 
nearest  wall  or  other  bodies,  and  on  the  other  with  still  greater 
intensity  to  the  machine.  This  happens  even  if  he  is  insulated, 
but  if  he  is  in  some  degree  of  electrical  connection  with  the 
walls  and  floor,  the  nearer  he  stands  to  the  machine  the  more  he 
represents  the  outer  coating.  He  is,  in  &ct,  electrified,  not,  as 
might  be  supposed,  by  the  machine  and  with  the  electricity  of 
the  conductor,  but  with  the  opposite,  because  he  completes  the 
polarized  chain,  while,  if  instdated,  he  will  be  +  on  one  side 
and  ~  on  the  other.    Hence  we  find, 

(5)  The  oiher  eleetrieity  is,  in  equal  quairUiiy,  dUtrHmUd  ewer 
another  surface  BeparaUdfrom  the  first  by  a  dielectric  in  which  (hare 
exists  afield  of  force  due  to  these  two  equal  opposite  charges. 

44.  I»ncrcTioN. — ^This  term  is  so  frequently  employed  in  elec- 
tricity that  it  is  necessary  to  define  fully  the  idea  it  is  intended 
to  convey.    Generally  it  may  be  said,  that  any  molecule  when 

**  polarized  "  induces  all 
^'  others   within    its   in- 

^^:>^^^^^  fluence    to    follow    its 

^^         i  •\^rv  example,  that  is  to  say, 

^Jr  *^^  employing     the     true 

^  ^fs^fS        meaning  of  the  word, 

Si  ^aAf^       ^*  draws  them  into  the 

^^  £^  J  ^^2  •      same  systematic  order : 

^9  Smm       ^^  ^^®  manner  a  mag- 

^  A  A         ^®*  *^^*^^^  magnetism 

^^  ^^         in  neighbouring  bodies 

^(^  ^  /#  susceptible  of  becoming 

C^^l^^^^^^^^  magnetic,  and  an  eleo- 

^^  trie  current   induces  a 

current  in  neighbour- 
ing conductors.  This  power  results  from  the  constitution  of  the 
molecule,  as  defined  §  32,  when  under  the  influence  of  "polari- 
zation," which  directs  a  portion  of  its  constituent  energy 
externally. 

In  Figt  1 3  a  is  the  primary  molecule,  whence  the  polarizing 
force  acts  in  both  directions  and  on  each  side,  inducing  its  neigh- 
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bonrs  to  tom  towards  it  that  side  for  whicli  it  lias  the  greater 
attraction.  Thus  its  +  side  acts  on  the  molecules  h  and  its  — 
on  the  molecules  e,  seeking  on  each  side  the  most  rapid  and 
shortest  course  to  complete  its  chain.  The  collection  of  mole- 
cules d  represents  the  passage  from  a  good  conductor  into  a 
dielectric,  as  from  a  charged  surface  into  air,  where  the  energy 
is  distributed  over  a  number  of  chains. 

But  the  idea  of  induction  has  been  much  misapplied.  Thus, 
since  it  has  been  recognized  that  on  bringing  a  surface  near  to 
a  charged  body,  a  charge  of  opposite  name  appears  upon  it,  this 
charge  is  commonly  said  to  be  "  induced  " :  so  also  is  the  charge 
on  the  surrounding  walls  said  to  be  "  induced  "  by  the  charged 
body.  This  is  a  consequence  of  the  error  as  to  the  action  of 
the  earth;  first  we  are  supposed  to  separate  neutral  (H — ) 
and  place  +  on  the  body  while  driving  —  into  the  earth,  where 
it  departs  to  somewhere  about  Australia  as  a  recent  book 
explams :  but  then  this  +  objecting  probably  to  its  solitary 
existence,  **  induces  "  another  —  charge  to  keep  it  company  on 
the  walls ;  whether  it  is  the  same  —  come  back  from  Australia 
is  not  explained.  But  this  is  not  induction ;  it  is  the  primary 
act  of  charge — a  dual  action.  The  term  "  induction  "  is  only 
properly  employed  when  a  change  of  circuit  occurs,  and  it  is 
the  process  by  which  a  new  field  of  force,  in  another  inductive 
circuit,  is  set  up. 

It  is  desirable  to  describe  now,  the  more  powerful  sources  of 
electricity  and  the  means  of  measuring  it,  before  further 
following  out  the  theoretical  principles :  but  I  do  not  propose 
to  occupy  space  by  describing  instruments  which  are  fully 
described  in  all  the  text-books ;  it  is  not  likely  that  this  will  be 
the  only  book  accessible,  and  th^^fore  it  is  better  service  to  my 
readers  to  refer  them  to  others  as  to  such  universal  and  simple 
matters,  and  occupy  space  here  with  subjects  they  do  not  find 
in  every  other  book.  When  dealing  with  such  subjects,  it  is 
because  they  form  part  of  a  necessary  line  of  examination, 
or  in  order  to  furnish  information  which  may  assist  readers  in 
making  the  instruments  for  themselves. 

4^.  Electrical  Machines. — Static  electrical  machines  may  be 
divided  into  two  distinct  classes. 

(i)  Frictional  machines,  in  which  the  electric  is  constantly 
excited  by  friction  and  as  constantly  discharged  into  a  reservoir 
of  force ;  this  class  includes  the  plate  and  cylinder  machines. 

(2)  Induction  machines,  which  operate  on  the  principles  of 
the  electrophorus.  The  electric  is  excited  by  friction  at  the 
commencement  of  operations,  but  is  not  itself  discharged ;  there 
Ib  no  continned  friction,  or  only  sufiicient  to  sustain  the  charge. 
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but  snooessiye  actions  of  indnotiye  oLarge,  and  discharge  into  a 
reservoir  are  eflFected. 

46.  Frictional  Machines. — ^The  principles  of  the  frictional 
machine  are  those  laid  down  §  21.  There  is  (i)  The  electric  to 
be  excited,  the  plate  or  cylinder.  (2)  The  exciter  or  rubber. 
(3)  The  mechanical  motion  generating  friction.  (4)  The  circuit 
of  polarization,  which  here  includes  the  "  separation,"  because 
part  of  it  must  be  non-conducting.  (5)  The  reservoir  of  force — 
the  prime  conductor,  as  it  is  called,  but  which  is  strictly  a  part 
of  the  circuit  of  polarization,  though  most  conveniently  con- 
sidered separately. 

I.  The  Electric. — ^This  is  usually  glass,  in  which  case  the 
charge  from  it  is  positive.  Guttapercha  may  be  used,  and  has 
been  employed  in  the  form  of  a  band  stretched  between  pulleys : 
electrical  machines  have  been  thus  generated  unintentionidly 
in  manufactories  where  guttapercha  belting  is  employed,  and 
some  fires  have  been  caused  by  sparks  given  off  from  such  belts 
running  over  wooden  pulleys.  The  best  electric  of  all  is  ebonite, 
but  its  surface  roughens  and  deteriorates  affcer  continued  fric- 
tion. It  is  subject  also  to  the  formation  of  a  film  of  sulphuric 
acid  upon  its  surface,  owing  to  the  action  of  the  ozone  which  is 
produced  when  the  machine  is  worked,  and  which  is  the  cause 
of  the  peculiar  smell  perceived :  for  this  reason  it  is  desirable 
to  coat  with  shellac  all  exposed  ebonite  surfaces  not  to  be 
exposed  to  friction.  Glass  is,  however,  the  electric  usually 
employed,  because  it  is  cheap  and  enduring ;  it  has,  however, 
the  great  drawback  of  condensing  moisture  on  its  surface ;  as  to 
which  see  §  23. 

The  hardest  glass,  containing  most  silica,  is  best;  crown 
glass,  such  as  window  sheets  are  made  of,  or  that  from  which 
common  pale  green  coloured  bottles  are  made,  is  better  than 
flint-glass.  A  cylinder  machine  may  be  made  of  a  large  bottle, 
if  one  is  selected  with  straight  sides  and  polished  surface;  a 
rough  surface  does  not  generate  electricity  well,  as  only  the 
salient  points  come  in  contact  with  the  rubber. 

II.  The  Exciter  or  Bubher. — This  part  of  the  instrument 
should  present  as  large  a  surface  as  possible  to  the  electric; 
in  a  cylinder  it  should  reach  within  an  inch  of  the  ends,  and  in 
a  plate  machine  to  a  moderate  distance  from  the  axis,  so  as  to 
utilize  the  surface  as  much  as  possible ;  it  is  best  made  of  a 
tough  but  soft  leather,  well  stuffed  with  the  best  horsehair  to 
give  a  firm  and  even  but  elastic  pressure  on  the  surface ;  it 
should  be  insulated  carefully,  but  be  itself  conducting,  and 
provided  with  the  means  of  connection  "  to  earth  "  or  to  appara- 
tus.   These  principles  can  be  carried  out  thus.    The  face  of  the 
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rubber  is  covered  with  amalgam,  and  on  the  edge  from  which 
the  motion  approaches  the  rubber  a  slip  of  stout  tinfoil  should 
fold  over  slightly  to  make  a  connection  between  the  amal- 
gamated face  and  the  metal  back  or  conductor,  and  from  the 
same  edge  should  fold  over  a  piece  of  soft  silk,  forming  the  real 
face  through  which  the  amalgam  finds  its  way,  and  acts  much 
better  than  when  it  is  freely  in  contact  with  the  glass.  From 
the  other  edge  of  the  rubber  extends  the  flap,  which  covers  the 
surface  of  the  glass  where  excited,  and  reaches  close  to  the 
points  which  taJce  the  electricity  to  the  prime  conductor.  It 
should  be  made  of  good  stout  black  silk,  sewed  to  the  edge  of 
the  pad  so  as  to  touch  the  glass  directly  it  leaves  the  pad,  and 
outside  the  black  silk  should  be  another,  slightly  smaller,  of  oil 
silk.  In  a  cylinder  machine  this  flap  is  simply  a  straight  piece 
lying  on  the  glass,  but  in  a  plate  machine  it  is  cut  to  uie  shape 
of  the  disc. 

III.  The  Meehanicai  Motion, — This  includes  the  mounting 
from  which  the  motion  is  to  be  imparted.  Either  plate  or 
cylinder  is  to  be  firmly  mounted  on  an  axis ;  for  small  machines 
this  may  be  of  hard  wood,  thoroughly  baked  and  saturated 
with  paraffin ;  in  larger  instruments  this  axle  must  be  of  metal, 
in  which  case  it  must  be  carefully  insulated  in  every  possible 
way.  The  best  way  of  securing  a  plate  to  its  axle  is  to  have 
two  loose  collars  of  prepared  wood  fitting  tightly  on  the  axle, 
and  thick  enough  to  take  firm  hold  of  it;  the  plate  is  fixed 
between  these,  and  all  the  surfeices  being  well  supplied  with 
shellac  varnish,  all  the  parts  are  compressed  together  till 
thoroughly  set  and  then  covered  over  with  several  coats  of 
varnish.  The  supports  may  be  made  of  baked  wood,  mortised 
in  the  stand.  Usually  in  plate  machines  this  is  little  attended 
to,  as  the  pads  aie  orten  fixed  to  them,  and  they  provide  an 
imperfect  connection  to  earth  through  the  wood,  but  in  this 
case  only  one  electricity  can  be  utilized,  while  by  carefally 
insulating  the  rubbers  we  can  use  either ;  therefore  if  wood  is 
used  it  should  be  made  as  non-conducting  as  possible,  and  the 
holes  through  which  the  axis  is  to  work  may  be  bushed  with 
pieces  of  stout  glass  tube,  the  bearings  being  in  loose  pieces  of 
wood  screwed  to  the  sides  of  the  supporting  frame ;  an  ordinary 
winch  handle  gives  the  motion,  that  part  of  it  which  is  grasped 
by  the  hand  being  a  stout  glass  tube  free  to  revolve  over  the 
handle. 

IV.  The  Circuit  of  PolarizcUian, — This,  starting  from  the  two 
faces  of  the  rubbers  and  electric,  is  carried  by  the  motion  which 
thus  produces  the  **  separation  "  under  the  points  of  the  prime 
oonduotor,  then,  crossing  the  narrow  stratum  of  air  in  the  form 
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of  small  sparks  or  a  constant  luminosity,  to  the  surfiBkce  of  tke 
condiictor ;  thence  across  the  dielectric,  the  air  of  the  room,  to 
the  wcJls,  where  it  meets  the  corresponding  action  which, 
starting  from  the  rubbers  through  the  earth  chain  or  connec- 
tions, such  as  the  table,  polarizes  in  the  opposite  direction  the 
surface  of  the  walls.  In  charging  a  Leyden  jar  or  other  appara- 
tus, part  or  all  of  the  action  is  concentrated  there,  the  two 
coatings  forming  the  circuit  with  the  material  of  the  jar  between 
them  instead  of  the  air. 

V.  The  Prime  Gonductar, — This  is  the  reservoir  of  foroe ;  on 
its  size  depends  the  nature  and  length  of  the  spark.  It  usually 
consists  of  a  large  brass  tube,  and  is  a  somewhat  elaborate  and 
expensive  affair.  This  is  by  no  means  necessary  when  we 
rightly  understand  its  objects ;  all  that  is  really  essential  to  it 
is  the  collecting  portion ;  this  is  simply  a  coarse  comb  or  a  row 
of  metal  points  fixed  in  a  rod,  and  it  is  well  to  inclose  this  in  a 
wooden  shield,  casing  all  except  the  points.  The  rod  is  con- 
nected to  the  prime  conductor,  which  may  be  brass  tubing  as 
usual  or  of  wood  covered  with  tinfoil  or  Dutch  metal.  It  must 
be  carefully  insulated  or  the  power  will  be  wasted ;  its  surface 
must  be  smooth  and  brightly  polished,  and  its  form  must 
present  no  sharp  edges ;  all  its  outlines  must  be  curves  as  large 
as  possible,  and  where  holes  are  provided  for  the  insertion  of 
conductors  or  apparatus,  the  openings  should  not  be  mere  holes 
or  tubes,  but  trumpet-shaped  and  formed  into  a  curve. 

The  prime  conductor  need  not  be  a  part  of  the  machine  itself; 
the  collecting  comb  may  be  connected  to  a  separate  collector. 
Dr.  Winter  of  Vienna  has  devised  a  peculiar  addition  to  the 
machine ;  it  consists  of  a  ring  of  iron  rod  a  foot  or  so  in  diameter, 
mounted  on  a  brass  stem  wMch  may  be  inserted  into  a  hole  in 
the  prime  conductor,  which  in  his  instruments  is  simply  a  ball : 
the  wire  ring  is  inclosed  in  a  ring  of  wood  made  in  halves  and 
cemented  together  and  polished.  It  is  stated  that  a  machine 
giving  7-inch  sparks  gave  2o-inch  sparks  when  this  was  added. 

47.  It  may  be  as  well  to  mention  here,  that  though  brass 
chains  are  very  commonly  employed  for  connections,  they  are 
very  bad  for  the  purpose,  for  they  are  full  of  breaks  and  points; 
and  if  the  machine  to  which  they  are  connected  is  worked  in 
the  dark,  a  constant  stream  of  fire  will  be  seen  passing  from 
them ;  it  is  much  better  to  use  wire  cord,  such  as  is  made  for 
sash  lines  or  hanging  pictures,  and  to  slip  even  this  within  a 
small  caoutchouc  tube;  chains  may  be  used  to  connect  the 
rubbers  to  "earth"  or  surrounding  objects,  as  there  is  little 
tendency  to  escape  unless  brought  near  the  prime  conductor  or 
plate. 
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48.  Amaloau  is  necessary  to  develop  electricity  freely,  bttt 
its  mode  of  action  is  not  well  ascertained;  there  are  varions 
formtdsd  given,  but  it  is  unoertain  if  any  one  has  a  special 
advantage. 

Some  of  them  are  as  follows : — 

Zinc         5     II     2 

Tin 3     24     I 

Merotiry 9    ^5     ^ 

The  best  process  of  making  is  to  melt  the  tin  and  zinc 
together  in  a  porcelain  crucible  over  a  Bunsen's  bnmer,  then 
stir  them  well  together  till  they  are  just  abont  to  solidify,  when 
the  mercury  should  be  added,  worked  in,  and  the  whole 
transferred  to  a  small  mortar  made  warm  enough  to  soften  the 
amalgam  while  it  is  well  worked  together,  after  which  a 
portion  of  hard  tallow  not  quite  equal  in  bulk  to  the  amalgam 
is  to  be  worked  in. 

49.  The  foregoing  principles  being  understood,  those  who 
wish  to  construct  iiutruments  for  themselves  may  easily  devise 
arrangements  to  suit  their  means.  Very  simple  materials  may 
be  used,  thus  insulating  supports  or  handles  may  be  made  from 
ordinary  phials,  the  object  to  be  supported  being  cemented  into 
the  neck  with  a  mixture  of  about  equal  bulks  of  powdered 
resin  and  well-dried  Bath  brick  melted  together  with  a  very 
little  boiled  oil. 

As  the  working  of  machines  is  so  greatly  affected  by  damp, 
they  may  with  advantage  be  built  up  within  a  closed  box  lined 
with  ebonite  instead  of  upon  a  frame,  the  axis  passing  through 
a  stuffing  box  so  as  to  exclude  the  external  air,  while  the  interior 
might  be  kept  dry  by  means  of  a  drawer  containing  lumps  of 
fused  chloride  of  calcium;  in  this  case  one  side  of  the  case 
might  be  made  a  condenser  replacing  the  usual  conductors. 

Friction  machines  are  however  going  out  of  use,  because  of 
their  defects,  and  the  fatigue  involved  in  working  them. 
Induction  machines  produce  equal  effects  with  only  a  fraction  of 
the  exertion. 

50.  Inducfion  MAcmNfis. — The  second  great  division  of  elec- 
trical machines  is  based  upon  the  principle  of  the  electro- 
phorus;  there  is  not  a  constant  friction,  but  a  small  charge  is 
given  to  a  piece  of  ebonite,  and  a  revolving  disc  plays  the  part 
of  the  cover,  taking  a  succession  of  charges,  and  transferring 
them  to  a  condenser  or  conductor  which  in  turn  reacts  upon 
the  original  charge  and  gradually  raises  it  to  a  high  tension. 
In  these  instnuQants,  although  there  is  no  direct  friction,  there 
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is  set  up  a  resistiinoe  to  motion  by  these  electrical  actions, 
which  acts  the  part  of  friction  and  transforms  the  mechanical 
enei^  of  the  motion  into  electrical  energy  with  all  its  effects. 

The  original  of  all  the  various  forms  was  Varley's  multiplier, 
in  which  was,  for  the  first  time,  applied  the  principle  of 
*' accumulation,"  which,  applied  also  by  Mr.  Varley  to  the 
magneto-electric  machine,  is  the  foundation  of  the  powerful 
generators  of  current  electricity  now  in  use.  In  the  generators 
both  of  static  and  dynamic  electricity,  the  principle  is  that  a 
small  initial  charge  can  be  used  to  convert  mechanical  eneigy 
into  electrical  energy,  and  to  develop  a  high  force.  The 
principle  may  be  understood  by  means  of  Fig.  14.    E  F  are 


Fio.  14. 


plates  of  metal  (which  in  the  instrument  were  arranged  in  a 
row)  in  front  of  which  the  plate  C  (which  represents  the 
electrophorus  cover  in  principle)  can  rotate.  The  plate  is 
carried  on  an  insulating  arm,  but  with  appliances  by  which  at 
proper  intervals  it  can  be  connected  to  so-called  "  earth,"  really 
a  zero  point  indicated  on  the  diagram  by  2  to  which  C  can  be 
connected  at  the  required  moments,  as  also  can  other  plates 
similar  to  E,  F;  a  small  charge,  such  as  ma^  be  obtained  by 
rubbing  a  plate  of  ebonite,  is  put  upon  E,  which  represents  the 
electrophorus  face,  which  we  will  consider  as  being  in  a  + 
condition.  C  being  connected  to  z^  which  represents  the  back 
or  sole  of  the  electrophorus  at  this  stage,  of  course  takes  a  — 
charge  equal  to  the  -f  on  E.  C  is  now  moved,  breaking 
connection  with  »,  and  carries  its  —  charge  over  to  F,  with 
which  it  makes  momentary  contact ;  contact  with  z  following,  a 
+  charge  is  at  once  induced  on  C,  which  it  in  like  manner 
carries  on  and  adds  to  that  on  E.  In  the  actual  instrument,  of 
course,  the  charges  which  are  induced  upon  C  involve  a 
corresponding  opposite  quantity  transferred,  by  means  of  a  tem- 
porary connection  to  «,  to  another  set  of  plates  similar  to  E  F,  in 
which  the  same  series  of  operations  are  carried  on.  At  len^h 
the  charge  rises  to  the  fall  *'  potential "  of  which  the  insulation 
of  the  instrument  admits,  and  then  the  electricity  overflows 
into  the  external  circuit. 
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51.  These  principles  have  been  applied  to  a  variety  of 
machines  constmcted  by  Holz,  T6pler,  and  others,  and  a  very 
small  form  is  employed  in  the  elaborate  electrometers  now  made 
on  the  quadrant  principle  of  Sir  W.  Thomson,  §  64,  for  the 
purpose  of  maintaining  the  electric  charge  upon  the  moving 
system.  These  machmes,  especially  the  Holz,  will  be  found 
fully  described  in  most  of  the  text-books  of  electricity  and  of 
physics,  so  that  I  will  not  occupy  space  with  them,  but  give 
a  full  description  of  the  latest  and  probably  the  most  satis- 
factory form,  which  is  easily  made  by  any  one  with  moderate 
skill. 

32.  The  Yoss  Machine. — The  base  board  A,  Fig.  15,  has  upon 
its  lower  side  a  groove  formed  by  two  strips  of  wood  fitted 
longitudinally ;  in  this  slides  a  bar  of  wood  B,  carrying  an 
upright  stem  of  wood,  through  the  upper  part  of  which  there 
crosses  a  brass  tube,  the  ends  of  which  contain  stout  rings  of 
brass  to  form  bearings  for  an  iron  axle  on  the  farther  end  of 

Fig.  15. 


which  is  clamped  a  large  driving  wheel,  while  the  other  is 
fitted  with  a  handle  for  working  the  machine.  The  tension  of 
the  driving  cord  is  controlled  by  sliding  the  bar  B,  which 
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oarries  the  whole  syBtem,  in  its  groove,  and  fixing  it  by  means 
of  0 ;  this,  which  cannot  be  clearly  seen  in  the  drawing,  as  it 
is  hidden  by  other  parts,  is  a  handle  of  wood,  carrying  a  screw 
which  passes  through  a  longitudinal  slot  in  B,  and  into  a  nnt 
upon  a  strip  of  iron  fixed  across  the  groove,  so  that  when  the 
screw  is  tightened  up  it  clamps  the  sliding  bar  B  against  the 
base. 

On  the  further  part  of  the  base  there  is  a  strong  wood  pillar 
D,  the  end  of  which  is  turned  down  to  fit  a  hole  in  the  base  to 
which  it  is  screwed  from  the  bottom  when  truly  adjusted. 
From  this  pillar  there  projects  the  axis  which  carries  the 
working  parts;  this  is  formed  conioally  where  the  moving 
parts  work  on  it  and  its  end  is  reduced  to  receive  the  various 
fittings.  A  little  above  this  axle  there  is  also  a  rod  of  ebonite 
projecting  from  D,  with  a  notch  close  to  its  end  to  carry  the 
fixed  plate,  which  is  also  supported  by  two  notched  pegs  of 
ebonite  fixed  in  the  base  board,  only  one  of  which  is  seen  in  the 
figure. 

The  fixed  disc  E  ^say  12^  inches  in  diameter)  has  a  central 
opening  of  3  inches  diameter.  Let  us  imagine  a  circle  drawn  on 
this  of  7i  inches  diameter,  divided  into  six  equal  parts ;  on  two 
opposite  pairs  of  these  points  are  fixed  i-inch  discs  of  tinfoil, 
shown  F  F  on  each  side  of  the  plate,  connected  together  by  a 
strip  of  foil.  The  intermediate  points  are  unoccupied  in  this 
fixed  plate,  and  it  is  not  unlikely  that  the  working  would  be 
improved  by  dividing  it,  and  leaving  an  open  space  between 
the  two  parts  in  the  vertical  line.  G  G  are  segmental  shields  of 
paper  pasted  over  the  pairs  of  foil,  and  projecting  beyond  them, 
half  of  one  division,  in  the  direction  of  the  motion :  strips  of 
foil  also  connect  opposite  discs  of  the  two  pairs  to  brass  clamps, 
which  are  fixed  to  the  edge  of  the  plate  and  project  bevond  it, 
and  have  holes  in  them  to  carry  the  fittings  K  k.  The  plate  E  is 
to  be  placed  upon  its  supports,  with  the  foils  and  shields  at  the 
back.  Its  whole  surface  (except  upon  the  shields  which  are  re- 
quired to  act  as  partial  conductors)  is  carefully  varnished,  as  is 
also  the  moving  plate,  in  order  to  prevent  deposit  of  moisture ; 
the  glass  also  must  be  thin,  such  as  window-glass,  but  perfectly 
flat,  and  of  suitable  quality,  or  other  materials  such  as  ebonite 
or  vulcanized  fibre  may  be  substituted. 

The  moving  disc  H  (say  10^  inches  in  diameter)  has  a  central 
hole  for  mounting  on  its  axis,  and  should  be  divided  exactly  as 
the  other  into  six  equidistant  points,  to  be  fitted  with  inch 
discs  of  foil,  «  t,  upon  which  are  fixed  small  metal  buttons : 
these  are  firmly  fixed  to  the  glass  disc  through  small  holes  in 
the  foil,  by  means  of  marine  glue  or  other  cement,  but  must 
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make  metallic  contact  with  the  foil ;  in  rotating,  these  discs 
exactly  face  those  of  the  fixed  system.  The  plate  is  mounted 
with  its  plain  side  facing  the  other,  and  as  near  to  it  as  is 
manageable  (say  one-eighth  of  an  inch  apart),  so  that  the  two 
glasses  and  this  air-space  constitute  the  inductive  circuit 
between  the  conducting  foils  just  as  in  Leyden  jars  or  con* 
densers,  which  they,  in  fiwt,  constitute.  The  plate  is  now  to  be 
mounted  on  its  hub,  which  is  a  brass  tube  fitted  internally  with 
a  brass  bearing  at  each  end,  drilled  to  fit  the  conical  axis.  On 
its  further  end  is  fixed  an  ebonite  driving  pulley,  and  on  its 
front  end  a  flanged  collar  of  ebonite  to  fit  the  hole  in  the  plate, 
and  a  nut  of  ebonite  to  screw  on  it  and  so  firmly  grip  the  plate, 
and  effect  its  rotation. 

The  moving  system  is  now  passed  on  to  the  axis  through  the 
opening  in  the  fixed  plate,  and  secured  in  position  by  a  broad 
brass  nut  screwed  on  the  axis,  and  upon  the  face  of  which  two 
steel  pins  are  fixed  in  the  horizontal  line,  to  carry  the  remaining 
parts. 

LL  is  the  collecting  system,  composed  of  a  stout  rod  of 
ebonite,  slipped  upon  the  projecting  axis  and  the  two  pins  just 
mentioned,  which  hold  it  firmly.  At  each  end  of  the  rod  are 
brass  T-pieces,  fitted  with  projecting  pins  nearly  touching  the 
glass  plate  and  the  metal  buttons.  At  the  ends  of  these  combs 
are  blocks  of  ebonite  with  projecting  pins  of  ebonite,  which 
reach  to  the  fixed  plate  and  keep  it  steady  and  at  the  proper 
distance.  The  other  branch  of  the  T-piece  terminates  in  a  ball, 
drilled  to  receive  a  sliding-rod  for  the  conductor,  fitted  with 
ebonite  handle  M  at  one  end  and  a  movable  ball  at  the  other. 

Leyden  jars  N  N,  with  foil  on  their  lower  parts,  support  the 
end  of  the  collecting  system  by  their  brass  terminal  rods 
entering  holes  in  the  brass  knobs  above  them  :  these  wires  are 
connected  to  the  inner  coatings  by  wire  brushes  on  their  ends. 
The  outer  coatings  are  connected  together  by  means  of  metal 
saucers  in  which  the  jars  stand,  and  which  are  screwed  on  the 
base  and  connected  together  by  a  wire  beneath.  It  would  be 
better  to  thoroughly  insulate  them  and  provide  a  shifting 
means  of  connection,  or  ebonite  pillars  might  replace  the  jars, 
which  could  then  be  suspended  ^m  the  collecting  rods  as  in 
the  Holz  machine,  or  a  single  jar  have  its  coatings  connected  to 
the  two  collectors,  so  as  to  be  able  to  vary  the  conditions.  A 
second  pair  of  combs  screwed  to  a  brass  frame  P  also  fits  on  the 
projecting  axis,  and  is  held  in  place  by  an  ebonite  ball  screwed 
on  the  end  of  the  axis ;  these  combs  have  in  their  middle  a 
brush  of  fine  wire  which  just  touches  the  buttons  of  the  disc, 
and  the  funotion  of  this  part  is  to  make  contact  between  and 
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discliarge  the  several  parts  of  the  disc  of  any  residual  electricity 
not  taken  np  by  the  collecting  combs :  it  represents  z  in  Fig.  14- 
Its  working  position  is  not  vertical,  as  shown,  but  just  over 
the  end  of  the  paper  shield ;  and  the  fixed  plate  itself,  though 
working  in  different  positions,  is  probably  best  arranged  with 
its  discs  equally  above  and  below  tne  collectors. 

E  E  are  brushes  carried  upon  bent  arms  screwed  to  the  clamps 
on  the  fixed  plates  connected  by  strips  of  foil  to  the  adjoin- 
ing pairs  of  discs :  the  brushes  are  so  adjusted  that  they  just 
touch  the  buttons  as  they  pass  under  them,  so  as  to  connect 
together  the  discs  of  the  fixed  and  moving  plates  which  are 
exactly  opposite  each  other. 

The  special  property  of  this  machine  is  that  it  requires  no 
initial  charge  to  be  given  it,  because,  as  with  magnetized  iron, 
there  always  remains  some  residual  charge  about  it  which  can 
be  worked  up.  It  is  also  said  to  be  unaffected  by  damp  air,  but 
I  have  not  found  this  to  be  the  case ;  like  all  other  machines, 
it  should  be  worked  in  a  warm  and  dry  room. 

53.  An  examination  of  the  machine  while  working  in  the 
dark  is  both  interesting  and  instructive.  It  will  be  seen  that 
an  aigrette,  or  brush  discharge,  occurs  into  surrounding  space 
at  one  of  the  appliances  E,  while  at  the  other  there  is  a  small 
star  of  violet  light  indicating  the  +  and  -  charges  of  what  we 
may  properly  call  the  '*  field  inductive  system,"  for  it  plays  the 
part  of  the  field  magnets  in  dynamo-machines.  If  a  metal 
point,  held  iii  the  hand,  approaches  either  of  these  parts,  the 
instrument  ceases  to  act,  and  if  a  momentary  circuit  is  closed 
between  them,  the  direction  of  the  circuit  is  apt  to  be  reversed — 
a  consequence  which  appears  also  to  result  from  making  the 
paper  shields  too  long. 

A  line  of  fire  will  be  seen  tending  to  the  points  of  one  of  the 
collecting  combs,  and  a  similar  effect  is  seen  at  the  points  of  the 
secondary  comb.  Fig.  i^,  and  here  is  manifested  the  relation 
between  inductive  circuits,  which  is  the  same  in  principle  afl  in 
the  case  of  currents  and  conductive  circuits. 

54..  We  have,  in  fact,  two  derived  inductive  circuits — ^that 
of  tne  field  system  along  the  surfftoe  of  the  plates,  and  the 
external  path  between  the  two  conductors,  and  these  two 
divide  at  the  collecting  combs.  If  we  bring  the  conductor 
knobs  close  together,  we  reduce  the  external  inductive  resist- 
ance; the  greater  part  of  the  .available  electricity  takes  that 
road,  and  may  be  seen  streaming  into  the  collector  system. 
But,  if  we  open  the  space  so  as  to  get  a  long  spark,  an 
increasing  cTiange  takes  place  in  the  ratio  of  the  two  resist- 
ances, and  increasing  action  is  seen  to  occur  at  the  zero  comb, 
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while  that  at  the  collecting  system  is  reduced.    The  long  spark 
has,  therefore,  less  electric  energy  in  it  than  the  shorter. 

55.  The  spark  appears  like  a  contimions  stream  of  light- 
ning ;  but  this  is  an  illusion  due  to  '*  persistence  of  vision." 
It  is  really  a  succession  of  sparks,  eacn  enduring  probably 
T^f^^^ih  of  a  second,  but  following  each  other  at  intervals 
leas  than  onennxth  of  a  second,  the  intervals  being  indicated  by 
the  snap  at  each  discharge.  When  a  wheel  rotates  rapidly  aU 
its  spokes  vanish  into  a  sort  of  blur,  but  such  a  wheel  is  seen 
by  a  lightning-flash  as  though  it  were  at  rest.  The  discs  on 
the  plate  of  the  Yoss  disappear  in  this  manner;  but  in  the 
dark  they  are  seen  as  if  at  rest,  or  even  as  though  moving 
backwards.  We  have,  in  fact,  the  conditions  of  the  rotating 
vacuum  tube  worked  by  an  induction  coil,  which  presents  the 
appearance  of  a  stationary  cross  or  star;  or  may  have  an 
appearance  of  reverse  motion,  according  to  the  relation  between 
the  speed  of  rotation  and  the  action  of  the  break. 

56.  If  we  place  the  balls  of  the  conductors  so  far  apart  that 
sparks  will  barely  pass,  and  then  tie  a  piece  of  soft  thread 
across  the  space,  sparks  pass  freely,  notwithstanding  that  the 
thread  is  a  partial  conductor;  because,  the  resistance  being 
reduced,  the  current  is  drawn  over  to  the  external  circuit,  and 
the  charge  on  the  field  can  be  raised  to  a  higher  jpotential. 
This  thread  will  now  give  some  valuable  instruction.  Ap- 
proach the  balls  so  that  the  thread  hangs  quite  loosely  and 
takes  up  a  partial  charge,  -f-  &t  one  half,  and  —  at  the  other ; 
the  same,  therefore,  as  the  balls  close  to  it.  It  will  be  seen  at 
once  that,  though  charged  alike,  there  is  no  repulsion  between 
the  balls  and  thread  adjoining,  but  a  small  attraction.  There 
is,  however,  a  strong  attraction  for  the  other  end  of  the  thread, 
and  it  is  drawn  over  as  tightly  as  possible  in  opposite  direc- 
tions, leaving  a  loop  which  instantly  turns  up  over  the 
thread,  and  stands  balanced  between  the  attractions  acting  on 
its  two  sides.  Sometimes  it  will  manifest  a  preference  for  the 
positive  ball  and  remain  on  that  side.  If  the  thread  is  cut  in 
the  middle,  its  ends  rise  and  meet  as  soon  as  the  machine  is 
worked,  and  will  cling  together  for  a  long  while ;  if  forcibly 
separated  they  wiU  fly  over  to  the  adjoining  Leyden  jars,  the 
outsides  of  which  are  in  opposite  polar  conditions  to  ^e  balls 
near  them. 

57.  By  taking  off  one  of  the  balls  of  the  conductor,  leaving  a 
pomt,  the  star  and  brush  discharge  is  produced,  and  illustrates 
the  difference  between  the  +  and  —  actions  of  electricity, 
according  to  which  ball  is  removed;  when  the  brush  is  pro- 
duced at  the  hall,  there  is  a  hissing  sound  which  is  not  produced 
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when  the  -f  discharge  occurs  at  the  point  without  developing 
the  bmsh  discharge. 

^8.  A  metallic-sponge  benzoline-lamp  placed  between  the 
baUs  gives  remarkable  effects.  On  working  the  machine  with 
the  lamp  insulated,  a  slight  tendency  of  the  flame  to  one  pole  is 
observed,  with  an  evident  blowing  action  from  the  other ;  when 
the  lamp  is  connected  to  either  pole,  the  flame  tends  to  the 
other.  But  this  is  masked  by  a  very  much  stronger  action 
which  occurs  when  the  lamp  is  made  positive;  then  the 
flame  is  driven  in  a  bubbling  cascade  down  the  wick  stem, 
bums  much  more  strongly,  as  though  the  benzoline  were 
rapidly  drawn  up ;  and  if  the  speed  is  great,  the  lamp  may- 
even  be  extinguished  by  this  action. 

59.  I  have  found  some  curious  effects  when  passing  the  dis- 
charge through  asensitive  galvanometer ;  if  connected  direct  from 
the  collectors,  of  course  tiie  potential  cannot  be  raised  highly, 
because  the  outer  circuit  carries  it  off;  in  this  case  the  deflec- 
tion increases  with  the  speed  of  rotation :  interposed  resistance 
up  to  10,000  ohms  produces,  of  course,  no  effect,  as  this  has  no 
appreciable  ratio  to  the  air-space  between  the  glass  and  combs. 
A  resistance  of  many  megonms  would  be  requisite.  If  con- 
nected from  one  collector  to  a  third  separate  baU  from  which 
the  action  occurs,  I  found  a  deflection  of  50^  (Ampere  *  00004) 
with  the  balls  in  contact ;  on  separating  a  ^  inch  so  that  sparks 
crossed,  the  deflection  fell  instantly  to  (Ampere  •000005)  16*, 
showing  that,  notwithstanding  the  greatly  increased  potential 
or  force,  there  was  less  quantity  generated.  As  the  balls  sepa- 
rated, ike  deflection  increased  till,  at  the  distance  at  which 
sparks  ceased,  and  only  a  hissing  discharge  was  produced,  the 
deflection  rose  to  4^^,  although  under  these  conditions  the 
galvanometer  was  only  a  deriv^  circuit,  taking,  probably,  less 
than  one-half  of  the  current  generated. 

According  to  similar  experiments  made  in  Glermany  with  a 
Holz  machine,  the  electromotive  force  was  about  53,000 
volts  and  constant  for  all  speeds  of  rotation ;  this  latter  seems 
doubtfal.  It  was  also  found  that  the  resistance  was  nearly 
inversely  proportional  to  the  speed  of  rotation,  being  2810 
megohms  at  120  per  minute,  and  646  megohms  at  450  revolu- 
tions ;  this  also  seems  doubtful,  and  as  the  result  ia  the  same  as 
that  I  have  stated  above,  that  the  current  is  nearly  proportional 
to  rate  of  revolution  (as  is  the  case  with  magneto-electric 
machines),  it  seems  probable  that  the  effects  of  electromotive 
force  and  resistance  are  not  very  easily  ascertained  or  measured 
in  these  machines. 

60.  The  machine  as  shown  Fig.  15,  can  easily  be  converted 
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into  a  Holz  machine,  if  doeired,  by  changing  the  plates :  a 

plain  disc  of  glass  is  used  for  the  moving  plate :  the  fixed  plate 

can  be  oonstructed  of  a  disc,  cut  for  convenience  of  making  up 

into    two    pieces    as    shown 

Fig.  1 6.     Lay  a  strip  of  wire  Pio.  le. 

gauze   on   the  glass  on  the 

lower  edge  of  B,  projecting 

so  £Bur  that  it  can  be  doubled 

over  the  edge  of  the  glass  and 

nearly  reach  to  the  moving 

plate :  over  this  fix  the  strip 

of  tinfoil   B,   and    then  the 

paper  A,  varnishing  all  the 

exposed    glass.    These    two 

segments    can    be    suitably 

supported,  or  smaU  strips  may  be  laid  between  them  at  the 

opposite  edges,  and  other  strips  cemented  over  these  so  as  to 

build  the  disc  up  again,  when  it  can  be  supported  exactly  as 

the  fixed  disc  is  in  IHg.  15.     The  second  pair  of  combs  for  short 
circuiting  will  not  be  required. 

To  work  the  Holz  the  two  conductors  are  brought  in  contact ; 
a  piece  of  ebonite  is  rubbed  and  laid  on  one  of  the  paper  arma- 
tures. The  disc  is  then  rotated  and  the  arms  gradually  sepa- 
rated. If  the  motion  is  arrested,  or  if  the  arms  are  separated 
beyond  the  distance  at  which  sparks  can  pass,  the  machine 
loses  its  charge  and  the  process  must  be  recommenced. 

In  constructing  any  of  the  different  machines,  a  strip  of  wire 
gauze  forms  a  very  effective  comb,  easily  made.  Brass  rods, 
balls,  &c.,  may  generally  be  substituted  by  wood  covered  neatly 
with  tinfoil  or  gold  leaf,  and  in  many  cases,  sound  wood,  very 
carefully  baked  and  then  boiled  in  melted  paraffin,  may  replace 
ebonite. 

61.  Elsctromsteks. — The  instruments  described  §  24  are 
simply  indicators  of  the  presence  of  electric  excitement ;  they 
do  not  distinguish  its  character  as  +  or  — ,  and  only  give  a 
very  rough  indication  as  to  its  degree ;  but  to  get  accurate  in- 
formation, something  more  exact  is  needed,  and  it  is  desirable 
to  be  acquainted  with  these  before  proceeding  to  study  the 
actions  of  electricity. 

Henleifs  Quadrant  is  scarcely  more  than  an  electroscope,  but 
is  easily  made,  and  useful  for  indicating  high  charges,  as  for 
attaching  to  the  conductor  of  a  machine  at  work.  It  is  simply 
a  wire,  carrying  a  plate  of  ivory  (card,  baked  and  jparaffined, 
will  answer)  upon  which  a  quarter  circle  of  degrees  is  drawn ; 
a  pith  ball  hangs  by  a  fine  thread  from  the  centre  of  the  circle. 
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The  wire  should  be  cnryed  and  fitted  with  a  ball,  against  which 
the  movable  one  will  rest,  with  its  thread  cutting  the  vertical 
line  of  the  quadrant.  The  ball  is  driven  out  to  an  extent 
dependent  on  its  weight  and  the  potential  of  the  charge  in 
ratio  of  the  tangent  of  the  angle. 

Harri8*8  is  a  more  delicate  modification,  in  which  a  wire  im 
attached  to  the  centre  of  a  circle  carried  by  the  conducting 
wire,  in  such  a  way  as  to  arrange  a  ball  at  each  of  its  ends  on 
opposite  sides  of  the  zero  line ;  die  moving  system  is  a  wire  or 
a  straw  with  a  ball  at  each  end,  and  is  pivoted  on  a  centre  pin, 
so  that  it  can  rotate ;  in  this  case  there  is  not  the  whole  weight 
of  the  one  ball  to  raise,  but  only  so  much  as  the  lower  part 
exceeds  the  upper  in  weight. 

62.  CouLOMB*8  Torsion  Electrometer. — This,  Fig.  17,  was  the 
first  good  instrument  known  for  measuring  attraction  and  re- 
pulsion, and  by  its  means  their  laws 
were  ascertained.  A  is  a  glass  cylinder, 
round  which  is  fixed  a  circle  graduated 
to  degrees ;  ft  is  a  cover  of  baked  wood 
or  ebonite,  in  which  is  cemented  e,  a 
glass  tube  terminating  in  a  cover  d, 
also  graduated ;  «  is  a  ball  fitted  with 
a  pointer,  and  from  it  is  suspended  by 
a  silk  fibre  or  very  fine  wire,  a  stem 
of  shellac  ending  in  a  ball  which  is 
gilt ;  /  is  a  ball  and  stem  of  insulating 
material  terminating  in  a  gilt  ball  of 
exactly  the  same  size  as  the  one  on  the 
suspended  needle ;  this  passes  through 
a  hole  in  the  cover,  large  enough  to 
allow  it  to  pass  without  contact. 

The  mode  of  using  this  instrument 
is  to  charge  the  ball  on  /  from  the 
body  whose  condition  is  to  be  ex- 
amined; when  inserted  into  its  place 
it  touches  the  other  ball,  divides  its 
charge  equally  with  it,  and  then  repels 
it.  The  force  of  this  repulsion  is 
measured  by  the  torsion  of  the 
sus^nding  fibre,  for  any  force  pro- 
ducing torsion  is  proportional  to  the 
angle,  or  quantity  of  torsion.  To  as- 
certain this  angle  the  balls  are  so  arranged,  that  the 
movable  one  is  opposite  o,  on  the  scale  of  degrees,  as  also 
is  the   pointer  on  the  upper  scale;  after  repulsion  the  ball 
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has  to  be  bTought  to  a  fixed  distance  by  twisting  the  fibre. 
Suppose  the  angle  of  repulsion  be  36°,  and  it  is  required  to 
reduce  it  to  i8^  and  that  the  upper  pointer  has  to  traverse 
126^  to  effect  this,  126  +  18  =  14^  is  the  angle  of  torsion,  and 
^ves  the  measure  of  the  charge  in  the  terms  of  the  particular 
instrument.  To  measure  attraction,  a  stem  of  insulating 
material  has  to  be  passed  through  the  cover,  after  the  ball 
on  the  needle  has  been  moved  back,  so  that  this  rests  against 
it  when  attracted,  and  then  the  force  of  torsion  required  to 
increase  the  distance  is  ascertained  as  before. 

63.  A  precisely  similar  instrument  is  employed  in  measuring 
the  attractions  and  repulsions  of  magnets ;  for  this  purpose  a 
magnet  is  suspended  in  a  stirrup  of  paper  attached  to  the 
suspending  fibre  or  wire  in  place  of  the  stick  and  balls  shown, 
and  a  magnetic  pole  presented  in  place  of  the  charged  ball. 

64.  Balance  Elbctrometkr.— Sir  W.  Harris  de-med  an  appa- 
ratuis  which  is  an  ordinary  balance,  one  of  the  pans  of  which  is 
a  disc,  below  which  is  an  insulated  disc  of  the  same  size,  which 
is  charged  from  the  prime  conductor,  and  the  attractive  force  at 
varying  distances  may  be  thus  weighed. 

Sir  W.  Thomson  has  modified  this  by  adding  a  large  guard 
ring  outside  the  moving  plate,  so  as  to  do  away  with  tiie  effect 
of  the  unequal  distribution  at  the  edges.  The  moving  disc  is 
attached  to  a  balance  arm  by  metal  wires,  so  that  it  plays  in 
the  middle  of  the  large  fixed  guard  ring,  which  is  also  electri- 
cally connected  to  the  same  source,  and  takes  the  same  charge : 
underneath  is  a  plate  as  large  as  the  ring  which  is  connected  to 
the  opposing  conductor  either  direct,  or  through  the  *'  earth  " 
connection. 

Measurement  is  obtained  either  by  actually  weighing  the 
attraction,  or  by  altering  the  height  of  the  loww  plate,  so  as  to 
vary  the  distance:  the  position  of  equiHbrium  is  with  the 
lowest  face  of  the  disc  exactly  level  with  that  of  the  ring. 

A  more  elaborate  and  accurate  instrument  is  Sir  W.  Thomson's 
quadrant  electrometer  for  very  delicate  measurements,  which 
will  be  described  in  the  chapter  on  Electromotive  Force. 

65.  Bohnenbebger's  Electroscope  has  the  advantage  of  in- 
dicating the  +  or  —  nature  of  the  charge :  it  consists  of  two 
conductors  maintained  at  equal  opposite  polaritie&  Between 
them  hangs  a  gold  leaf,  or  a  wire  with  a  gilt  pith  ball,  sus- 
pended to  a  knob  from  which  it  can  be  charged  with  the  elec- 
tricity to  be  examined,  and  which  causes  it  to  be  attracted 
towards  the  oppositely  charged  conductor:  a  scale  can  be 
placed  behind  so  as  to  read  the  angle  as  in  other  instruments. 

In  the  original  instrument  the  charge  of  the  two  conductors 
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was  maintained  by  means  of  a  *'  dry  pile,"  but  any  oonstant 
source,  such  as  a  series  of  small  galyanic  cells,  can  be  used. 

66.  Dry  Piles. — The  name  is  erroneous,  because  they  are  to 
all  intents  galvanic  batteries  of  enormous  resistance,  developing 
high  potential,  and  not  meant  to  generate  a  current :  but  thej 
work  purely  by  chemical  action  due  to  the  moisture  oontained 
in  them. 

Various  materials  may  be  used  :  zinc-foil,  paper,  and  copper- 
foil  pasted  together  will  serve,  but  the  best  is  composed  of 
zinc  or  tinfoil  pasted  to  paper,  the  other  side  of  which  is  rubbed 
wijbh  finely  powdered  oxide  of  manganese ;  it  is  said  that  honey 
is  better  than  paste  ;  after  drying  moderately,  a  number  of  such 
sheets  are  laid  in  regular  order  over  each  other,  and  discs 
punched  out  of  them,  say  i  inch  in  diameter ;  these  are  packed, 
to  the  number  of  several  hundred  pairs,  in  a  dry  glass  tube 
fitted  with  brass  ends  tightly  fixed  over  the  discs.  Such  a  rod 
resembles  a  magnet  in  having  polar  ends,  and  would  manifest 
the  same  lines  of  force  asthe  bar  magnet  does. 

Such  piles  have  a  permanent  charge,  +  at  one  end,  —  at  the 
other,  and  will  act  upon  electroscopes  ;  or  if  formed  like  a  horse- 
shoe magnet,  with  a  ball  or  gold  leaf  suspended  between  the 
poles,  will  maintain  a  steady  vibration  of  this,  ringing  a  bell, 
&c.,  for  years. 

But  such  a  use  of  them  eventually  destroys  their  power :  it 
is  developing  a  current  from  them,  which  needs  a  supply  of 
energy ;  they  might  however  prove  useful  for  some  experi- 
mental work  in  which  a  prolonged  minute  current  is  desired, 
as  they  would  require  no  attention.  But  their  proper  use  is  to 
maintain  a  "  field  of  force  "  between  their  poles ;  or  to  serve  as 
an  electric  wand  or  toudistone. 

67.  The  Unit  Jar. — This  is  a  useftil  measurer  of  the  "  quan- 
tity "  of  electricity  employed  in  producing  a  "  charge  " ;  it  acts 
in  much  the  same  manner  as  a  pint  measure  does  with  liquids, 
or  would  with  gases  if  fitted  with  a  gauge  for  their  pressure : 
this  is  just  what  the  unit  jar,  Fig.  i8,  has.  ^'  is  a  small  Leyden 
jar  with  a  covered  surface  of  say  6  inches ;  the  inside  is  con- 
nected to  a  metallic  stem  which  can  either  be  inserted  in  the 
prime  conductor  or  mounted  on  an  insulating  stand;  to  it 
is  also  connected  a  stem  c  terminating  in  a  ball;  the  outer 
coating  has  a  ball  a  which  is  connect^  to  the  jar  or  battery 
to  be  charged,  it  is  also  provided  with  two  metal  rings  which 
carry  a  screw  stem  h  ending  in  balls;  by  it  the  distance 
separating  the  discharging  balls  of  the  two  coatings  is  regulated, 
and  consequently  the  potential  to  which  the  jar  can  be  charged ; 
d  is  an  advantageous  addition  to  the  ordinary  form,  to  prevent 
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Fig.  18. 


the  irregularity  attendant  on  tlie  moisture  of  the  air:  it  is 
simply  a  cylinder  of  glass  closed  at  the  two  ends  with  india- 
rubber  through  which  the  stems  of  the  two  balls  pass ;  a  lump 
of  chloride  of  calcium  placed  inside  will  keep  the  air  diy. 

As  soon  as  the  charge  rises  to  the  potential  corresponding  to 
the  distance  separating  the  two  balls,  a 
spark  passes  and  discharges  the  unit  jar 
wiliiout  affecting  the  battery  or  large  con- 
denser, and  by  counting  the  number  of 
sparks  which  thus  pass  during  the  process 
of  charging,  the  amount  it  has  received  is 
pretty  accurately  measured,  because  each 
spark  implies  a  constant  quantity  and 
potential.  Of  course,  a  unit  of  this  kind 
can  also  be  constructed  of  paper,  &c.,  and 
be  thus  made  of  exactly  the  same  specific 
quality  as  the  condenser  with  which  it  is  to 
be  worked. 

68.  The  Leyden  Jar. — This  instrument, 
accidentally  invented  without  any  know- 
ledge of  the  principles  it  is  dependent  on, 
is  a  receiver  or  reservoir  of  electricity :  it 
was  originally  considered,  and  is  still  often 
described  as  though  it  were  a  bottle  to  be 
filled  wiUi  one  electricity,  and  provided  the 
true  explanation  be  weU  understood,  some 
advantage  may  be  obtained  from  this  view.  The  jar  has 
** capacity"  as  a  bottle  has  for  a  gas,  and  as  with  a  gas 
the  "quantity"  which  can  be  stored  in  it  is  proportional 
to  the  pressure  and  also  reacts  in  the  form  of  pressure  or 
tendency  to  escape  in  proportion  to  the  quantity  contained. 
But  the  analogy  is  not  quite  perfect  as  to  this  reaction 
or  pressure:  in  the  case  of  a  gas,  quantity  and  pressure  are 
proportionate ;  in  the  case  of  electricity  the  relation  is  between 
quantity  and  "  potential,"  which  is  relate  to  the  square  root 
of  pressure.  The  explanation  of  the  theory  of  the  Leyden  jar 
wiU  be  found  under  the  several  heads ;  it  really  involves  the 
whole  question  of  the  inductive  circuit  and  the  nature  of  static 
electricity.     See  §§  91-94. 

The  Leyden  jar  is  simply  a  *•  condenser.**  The  bottle  form 
was  accidentally  used  in  an  experiment  as  to  the  action  of 
.  electricity  on  water:  it  is,  however,  the  form  best  suited  to 
electricity  at  high  potential,  because  its  closed  form  gives  most 
resistance  to  discharge.  It  consists  of  a  glass  or  ebonite  jar, 
covered  inside  and  out  with  tinfoil,  except  at  the  iipper  part, 
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where  the  sorfaoe  should  be  Tarnished ;  it  should  have  a  oover 
of  insulating  material  in  the  centre  of  which  a  brass  knob  forms 
the  conductor,  connected  to  the  inner  coating  by  a  wire  ter- 
minating in  a  soft  wire  brush  or  piece  of  metal  chain.  Sheets 
of  glass  or  ebonite  coated  on  both  sides  may  be  used  mounted 
in  a  frame,  but  will  not  bear  so  high  a  strain  as  jars.  Either 
form  may  be  combined  (like  galvanic  batteries)  for  "  quantity  " 
as  one,  in  multiple  arc,  or  for  "  force  "  in  series.  Also,  to  obtain 
either  condition  from  the  other,  they  may  be  charged  from  a 
low  power  source  as  one,  and  then  connected  for  discharge  in 
series,  or  they  may  be  charged  in  series,  from  a  powerful  source, 
and  discharged  as  one  for  quantity.  This  used  to  be  called 
"  charging  in  cascade." 

The  same  remarks  apply  to  glass  for  this  purpose  as  for 
electrical  machines  §  ^9,  but  the  reasons  for  this  will  be  found 
§  95  on  specific  inductive  capacity,  and  the  conditions  governing 
the  actions  of  charge,  discharge,  &c.,  are  explained  §§  84-91. 

69.  Condensers. — These  are  used  for  receiving  charges  of  a 
low  potential  and  are  of  much  value  in  cable  telegraphy^  and 
with  induction  coils;  they  will  not  bear  very  high  charges, 
but  are  most  conveniently  described  here,  because  they  are,  in 
principle,  pure  Leyden  jars.  They  consist  of  sheets  of  some 
dielectric  coated  with  tinfoil  connected  alternately  to  the  + 
and  —  terminals.  Mica  is  found  to  be  one  of  the  best  materials, 
but  for  many  purposes  paraffined  paper  will  answer. 

The  best  mode  of  construction  is  to  cut  up  the  tinfoil  into 
sheets  of  the  size  desired,  and  to  make  of  them  two  piles  like 
the  leaves  of  a  book,  the  one  which  will  represent  the  outer 
coating  of  a  jar  containing  one  sheet  more  than  the  other, 
which  represents  the  inner  coating:  upon  the  extreme  end  of 
each  of  these  piles  place  a  tinned  wire  or  strip  of  metal,  and  by 
means  of  a  soldering  iron  run  all  the  edges  together  so  as  to 
make  a  perfect  metallic  connection.  The  foil  should  be  well 
baked  and  warmed  when  about  to  be  used,  to  drive  off  aU 
moisture  from  the  surfaces  of  the  metal,  and  it  is  well  to  rub 
each  leaf  as  it  is  laid  down  with  a  dry  warm  doth.  Cut  sheets 
of  paper  large  enough  to  allow  a  margin  of  at  least  an  inch, 
round  three  sides  of  the  foil.  The  paper  should  be  thin,  not 
highly  glazed,  and  should  show  no  acid  reaction  by  reddening 
when  moistened  with  a  neutral  solution  of  litmus ;  it  should  be 
baked  thoroughly  dr^,  placed  in  a  vessel  of  paraffin  kept  well 
over  its  melting-point,  and  then  drained  sheet  by  sheet  as 
smoothly  as  possible.  A  well-baked  piece  of  wood  of  the  same 
size  or  larger  than  the  paper  is  laid  upon  a  table,  its  face 
soaked  with  paraffin  and  a  sheet  or  two  of  thepaper  laid  upon 
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it ;  upon  this  is  laid  the  '<  outer  "  pile  of  foil  with  its  soldered 
end  aomewliat  projecting,  and  all  its  leaves  turned  back  except 
the  lowest  one  which  is  to  be  rubbed  smoothly  out  on  the 
paper ;  lay  over  this  two  sheets  of  the  paper,  and  on  the  top  of 
this  the  other  book  of  foil,  so  placed  that 
it  lies  exactly  over  the  first  sheet  ex- 
cepting for  the  margins  at  the  opposite 
ends ;  turn  back,  as  with  the  other,  all 
its  leaves  except  the  first,  and  upon  this 
place  two  sheets  of  paper ;  continue  this 
process,  laying  back  upon  the  paper, 
sheets  of  foil  &om  the  books  alternately, 
and  between  each  foil  two  sheets  of 
paper ;  when  the  whole  are  in  place,  cover  with  two  or  three 
sheets  of  paper  and  a  board  like  the  first:  the  whole  should 
then  be  compressed  by  clamps  or  by  screws  passing  through 
the  two  boards,  and  warmed  up  to  the  melting  point  of  paraffin, 
increasing  the  pressure  to  drive  out  all  excess.  The  first  board 
should  be  provided  with  a  binding-screw  at  each  end,  and  the 
wire  of  the  corresponding  set  of  foils  soldered  to  it.  But  the 
terminals  are  usually  composed  of  brass  blocks  on  the  upper 
part  of  a  case  containing  the  condenser,  fitted  with  connections 
for  use  and  so  placed  that  when  not  in  action,  the  condenser  can 
be  short-circuited  to  secure  complete  discharge.     See  §  94,  t. 

Fig.  19  will  explain  the  process  of  construction.  It  is  desir- 
able to  keep  a  delicate  galvanometer  and  a  batten^  in  circuit 
through  the  screws,  so  that  if  by  any  accident  or  defect  a  con« 
tact  or  circuit  is  completed  during  the  process,  the  galvano- 
meter will  at  once  show  it.  But  it  must  not  be  forgotten  that 
some  current  will  always  pass,  because  melted  paraffin  has 
considerable  conductivity,  as  also  has  shellac  varnish  until 
perfectly  dry. 

70.  Chabqe  and  Induction. — We  can  produce  two  effects 
upon  a  gold  leaf  electrometer  or  a  pair  of  suspended  pith-balls. 
If  we  rub  a  piece  of  ebonite,  and  then  approach  it  to  the  knob 
from  which  the  leaves  or  balls  are  suspended,  they  gradually 
move  apart ;  if  the  approach  is  continued  till  contact  is  made, 
or  if  we  connect  the  knob  to  the  conductor  of  a  machine,  the 
leaves  remain  apart  when  the  contact  is  broken  and  the  electro- 
meter is  left  isolated.  The  leaves  are  then  said  to  be  elec- 
trified or  in  a  condition  of  charge.  The  same  condition  is 
produced  in  any  body  which  has  been  thus  placed  in  a  direct 
circuit  from  an  electric  source,  so  complete  as  to  effect  what  we 
may  call  a  transfer  of  electricity  to  it.  The  state  of  affairs 
produced  is  such  as  would  arise  from  the  deposit  upon  the  body 
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of  some  agent,  and  this  apparent  effect  was  the  origin  of  the 
fluid  theories  of  electricity,  and  of  all  the  supposed  laws  which 
are  said  to  govern  the  distribution  of  electricity. 

If  we  approach  the  ebonite  to  the  knob,  but  not  so  as  ta 
touch,  the  leaves  diverge,  but  on  removal  of  the  ebonite  they 
fall  together  again,  and  show  no  trace  of  electricity  upon  them : 
while  diverging  they  had  electricity  upon  them,  but  una  tempe- 
ra^ charge  is  said  to  be  an  induced  charge. 

Further,  if  the  leaves  or  balls  are  touched  while  thus  diverged 
under  the  inducing  influence,  then  upon  removal  of  the  inductor 
they  will  continue  divergent.  This  is  said  to  be  due  to  an 
induced  charge  which  proves  to  be  of  the  opposite  nature  to 
that  of  the  inductor. 

The  divergence  of  the  leaves  or  balls  is  said  to  be  due  to  a 
repulsive  force,  due  to  the  self-repulsive  nature  of  electricities 
of  the  same  name,  with  which  each  is  charged.  These  three 
ideas.  Charge,  Induction,  Force,  when  clearly  worked  out,  explain 
the  whole  of  the  static  actions  of  electricity. 

71.  Laws  of  Attraction  and  Repulsion. — ^It  has  been  found 
that  both  these  effects  obey  the  same  laws,  and  are  alike 
affected  by  distance  of  the  surfaces  and  quantity  of  charge. 

Distance, — ^Taking  the  same  figures  as  in  §  62  where  18^  re- 
quired 1A4  of  torsion  force,  if  the  balls  be  approached  to  9°  the 
upper  point  will  move  through  567°,  and  this  -}-  9°  is  a  force  of 
576.  We  have  thus  three  distances  to  compare,  36°,  i8^  9°, 
which  are  in  the  ratios  of  i,  ^,  ^  ;  but  the  corresponding  foroes 
are  36,  144,  576,  the  ratios  of  which  are  i,  4,  16.  Hence 
we  have  law  (6),  The  repulsive  force  between  two  bodies 
similarly  electrified  varies  inversely  as  the  square  of  (he  distance. 

Quantity. — If  the  instrument  be  now  charged  as  before  and  the 
force  measured  at  a  fixed  distance,  and  if  the  fixed  ball  be  now 
removed  and  discharged,  when  replaced  it  will  again  divide  the 
charge,  which  will  be  only  one-half  of  what  it  was  before,  but 
it  will  be  found  the  force  is  only  one-quarter  of  the  former 
force ;  if  the  process  be  repeated  the  quantity  or  charge  will  be 
reduced  to  one-quarter  and  the  force  to  one-sixteenth.  Hence 
law  (7).  At  equal  distances,  the  force  between  two  similarly 
electrified  bodies  varies  as  the  product  of  the  quantities  of  the 
charges. 

As  the  quantity  is  in  most  cases  equal  and  opposite,  the 
effect  is  that  the  fierce  is  as  the  square  of  the  quantity. 

Combining  the  two  the  force  is  '-^yr^~  • 

Though  these  are  called  laws,  they  are  only  the  phenomena 
of  a  fixed  state  of  facts :  they  are  true  as  to  a  particular  con- 
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dition,  or  when  the  whole  of  a  charge  is  concerned ;  their  true 
relations  can  only  be  understood  when  the  nature  of  the 
"inductive  circuit"  is  realized,  and  account  taken  of  the 
▼ariations  produced  when  that  circuit  divides  into  several 
branches. 

72.  Quantity. — ^It  is  important  to  obtain  definite  conceptions 
of  the  various  terms  to  be  employed,  and  this  one,  apparently 
so  simple,  is  one  of  the  most  difficult  to  define,  because  there  is 
and  can  be  no  quantity  of  stcUic  electricity.  In  currents  we  have 
a  definite  measure  for  quantity  in  the  relation  of  electricity 
to  matter  in  the  form  of  chemical  action:  there  is  nothing 
analogous  to  this  in  static  electricity.  The  fact  is  that  static 
electricity  deals  only  with  force  and  enei^y :  there  is  no  static 
"  quantity  "  existent,  only  an  attraction  ;  so  that  while  we  speak  of 
static  quantity  we  can  only  define  it  in  terms  of  force :  it  means 
the  force  acting  within  an  area  or  space.  As  will  be  seen 
when  the  system  of  units  is  studied,  there  are  two  systems  of 
measurement;  upon  the  electrostatic  system,  the  unit  of 
quantity  is  that  which  at  one  unit  of  distance  repels  an  equal  similar 
quantity  with  unit  force.  In  the  centimetre-gramme-second  or 
C.G.S.  system,  unit  quantity  is  that  which  at  the  distance  of 
I  centimetre  exerts  a  force  of  one  dyne. 

The  most  satisfactory  conception  of  this  is,  a  line  of  force, 
which  we  may  materialize  as  a  strained  spring  of  defined 
strength :  but  for  purposes  of  calculation  and  experiment  the 
conception  of  a  fluid  called  electricity  (though  erroneous  and 
misleading  in  many  other  cases)  answers  the  requirements. 
That  is  of  course  how  the  fluid  hypothesis  came  to  be 
devised  when  these  phenomena,  to  whidi  it  fits,  were  all  that 
was  known  of  electricity. 

The  unit  of  quantity  employed  in  all  practical  operations  is 
one  of  the  electro-magnetic  system,  the  coulomb^  which  is  the 
quantity  corresponding  to  the  unit  of  current,  the  ampere,  and 
properly  belongs  to  dynamic  electricity.  But  this  is  too  large 
for  use,  and  the  real  unit  employed  is  one-millionth  of  it,  that 
which  can  be  contained  in  a  condenser  of  i  microfarad  capacity 
under  the  potential  of  i  volt. 

These  more  exact  ideas  and  measures  will  be  examined  here- 
after. At  present  the  simplest  conception  of  quantity  will 
best  serve  ihe  purpose  of  the  student.  Perhaps  the  simplest 
and  best  idea  is  given  by  means  of  the  unit  jar  §  67.  Such  a 
quantity  as  will  be  contained  and  delivered  as  a  spark,  in  a  jar 
of  a  known  size  charged  under  a  known  potential,  i.  e.  with  its 
sparking  balls  adjusted  to  a  fixed  distance. 
Quantity  or  charge  varies  in  the  ratio  of  potential,  in  a  fixed 
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receiver  or  oondnctor :  electrometers  only  measure  qnantity  by 
means  of  this  relation;  their  action  is  due  directly  to  the 
potential,  and  attractions  in  the  field. 

73.  Density. — This  term  represents  the  "  qnantity  per  unit 
area,"  that  is  to  say,  the  number  of  lines  of  force  or  units  of  elec- 
tricity concentrated  upon  a  unit  sur&ce.  Density  is  equal  at  all 
parts  of  a  sphere  at  a  great  distance  from  surrounding  bodies,  or 
surrounded  by  a  concentric  sphere :  it  is  equal  also  at  all  parts 
of  large  plates  opposed  to  each  other  at  a  small  distance. 
Where  the  distance  of  surfaces  is  not  equal  at  all  parts,  the 
density  is  greater  as  the  distance  between  the  opposed  suifaces 
is  less,  that  is  to  say,  the  density  is  inversely  as  the  inductive 
resistance.  As  a  consequence  it  is  greatest  at  any  projecting 
points  or  edges :  this  is  due  to  two  causes :  (i)  So  many  lines  of 
force  can  form  from  any  surfEice  as  can  pass  from  it  to  the 
opposed  surfaces :  from  a  sphere  this  is  alike  at  all  parts ;  but  a 
projecting  cone  will  have  its  capacity  for  lines  of  force  increase 
as  its  length  increases,  while  at  the  point  it  will  be  a  centre 
for  the  whole  opposing  area  except  that  of  the  coue  behind 
it.  (2)  The  law  of  inverse  squares,  owing  to  which  the  force 
or  attractions,  §  71,  on  each  part  of  the  surface  increase  as  the 
square  of  the  reduction  of  distance  due  to  the  projection.  It  is 
usual  in  text-books,  to  give  pictures  of  spheres,  ellipses,  and  so 
on,  with  dotted  lines  surrounding  them  to  illustrate  the  density, 
or  as  some  say  the  depth  of  the  stratum  of  electricity  retained 
at  the  various  parts.  These  are  misleading,  because  they  ignore 
the  fandamental  fact  that  the  distribution  is  not  a  matter  of 
the  form  of  the  charged  body,  but  one  entirely  dependent  upon 
the  position  of  the  equal  opposite  charge,  which  is  inseparable 
from  it.  Some  books  endeavour  to  counteract  this  by  saying 
that  the  distribution  shown  is  correct  only  when  the  charged 
bodies  are  at  a  great  distance  from  all  other  surfaces.  It 
appears  better  for  the  student  to  look  at  the  general  truths 
involved,  that  is,  to  examine  the  dielectric  to  which  the  surfaces 
are  electrodes,  and  the  length  of  the  lines  of  force,  rather  than 
a  mere  isolated  example,  because  that  happened  to  be  what 
presented  itself  to  the  early  observers. 

In  the  case  of  two  concentric  spheres  oppositely  charged  it  is 
evident  the  densities  must  be  inversely  as  the  squares  of  the 
two  radii,  because  this  is  the  ratio  of  areas  or  surfaces  of  the 
spheres.  Now  in  the  case  of  a  single  charged  sphere  in  the 
middle  of  a  room,  we  may  regard  the  surrounding  walls  as  a 
sphere,  and  if  the  radius  of  the  ball  is  i  inch  and  that  of  the 
walls  6  feet  (12-foot  room^  or  72  inches,  it  is  evident  that  the 
density  upon  any  part  of  tne  walls  will  be  as  72^  a  5184  is  to  i. 
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This  is  the  reason  that  this  opposing  charge  was  so  long  nn^ 
disoovered  and  is  in  ordinary  cases  inappreciahle.     See  §  84. 

When  the  density  exceeds  a  degree  varying  with  the  nature 
of  the  material,  tiie  dielectric  hreaks  down  and  discharge 
occurs ;  this  maximum  density  for  air  is  about  20  electrostanc 
nnits  per  square  centimetre. 

74.  Force. — This  is  the  fundamental  expression  in  all  me- 
chanical operations  for  the  capacity  of  producing  acceleration : 
but  in  statics  a  force  is  measured  as  a  pre9mre  or  a  pM.  In  a 
vertical  column  of  water,  the  pressure  at  any  height  is  the 
measure  of  the  force  exerted  at  that  point  by  gravitation.  We 
have  such  a  force  in  electricity,  but  it  is  not  what  is  called 
"  electromotive  force,"  or  potential.  The  force  in  electricity 
is  expressed  by  the  strain  it  sets  up  in  a  dielectric,  and,  by  the 
attractions  it  exercises  across  the  dielectric — that  is  to  say  by 
the  attractions  and  repulsions — the  motions  it  can  cause  in  a 
bodv  under  its  influence. 

AUractxon  is  the  true  evidence  and  action  of  the  force :  this 
is  evident  from  the  fact  that  the  normal  condition  of  electricity 
is  with  its  equal  opposite  +  and  —  facing,  and  in  this  state  the 
fall  force  is  manifested  as  attraction,  which  measures  the  effort 
to  unite,  or  to  go  a  step  further,  the  effort  of  the  energy  stored 
as  electricity  to  pass  into  the  form  of  heat. 

Bepulsion  is  an  indirect  action  of  attraction:  nowhere  in 
nature  can  there  be  found  a  repulsive  force  ;  there  are  repellent 
actions,  which  are  simply  transfers  of  motion,  as  when  one 
billiard  ball  strikes  another;  or  else  they  are  actions  of  a 
field  of  force,  as  in  the  case  of  magnetism  §  120.  As  there  is 
always  a  second  surface  somewhere,  charged  with  opposite 
electricity,  the  apparent  repulsion  is  really  an  attraction  towards 
that  sur&ce ;  as  every  charged  surface  is  a  boundary  of  a  field 
of  force,  in  which  lines  of  directive  energy  exist,  so  any 
body  free  to  move  in  the  field  moves  in  the  direction  of  those 
lines. 

Motion  of  any  kind,  whether  to  or  from  a  surfiioe,  always 
means    a   reduction  of  the   in- 
ductive resistance  or  a  transfer  Fig.  20. 
of  energy  along  the  lines  of  force. 
The  action  may  be  traced  by 
Fig.  20.     +  -f-  are  two  similarly 

charged  surfaces,  while are 

surrounding  surfaces;  the  outer 

arrows  show  the  direction  of  the 

forces  from  each  +  to  each  — ,  while  the  two  small  arrows  show 

the  neutralized  state  of  the  space  inclosed  by  +  and  -f-,  a  and  6. 
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Inasmuch  as  attraction  varies  (§  71)  as  tlie  square  of  the 
distance,  it  is  evident  that  the  pull  in  the  direction  shown  by 
the  long  arrows  must  be  greatly  inferior  to  that  of  the  short 
one  to  the  nearest  —  ;  hence  an  apparent  repulsion  between  + 
and  +. 

For  purposes  of  calculation  the  mathematical  system  of 
treating  such  different  actions  as  +  and  —  forces,  is  of  course 
convenient.  So  also,  although  it  is  not  possible  to  have  unequal 
quantities  of  electricity  really  related  to  each  other,  yet  it  is 
convenient  to  treat  the  different  parts  of  a  complicated  surface 
as  though  each  +  and  —  charge  were  an  isolated  thing.  That 
is  to  say,  if  we  have  a  +  charge  =  5  and  a  —  charge  =  3  there 
is  somewhere  another  —  charge  =  2 ;  the  true  condition  is  that 
there  exist  two  distinct  inductive  circuits  3  -| — 3  and  2  -| — 2 
which  are  analogous  to  derived  circuits  in  currents,  but  we 
may  include  the  effect  of  the  other  circuit  by  calculating  the 
actions  as  due  to  +  5  and  —  3,  and  referring  these  actions  to 
an  artificial  datum  or  centre. 

In  fact  the  force  between  naturally  charged  surfaces  is  as  the 
square  of  the  quantity  upon  one,  Q*  or  as  the  product  of 
quantity  and  potential,  these  varying  alike.  But  the  mathe- 
matical formula  is  Q  x  Q^  (the  product  of  the  two  quantities  be 
they  +  or  — )  in  order  to  enable  the  different  parts  to  be  dealt 
with  as  though  each  were  isolated. 

Force  varies  as  the  square  of  the  distance  when  regarded  as 
exerted  from  a  central  point;  this  is  in  fact  a  necessary 
consequence  of  radiant  action,  because  spheres  vary  in  surfaoe 
area  as  the  square  of  their  radii.  But  in  flat  plates  properly 
guarded,  as  in  the  balance  electrometer  §  64,  the  attraction  is 
as  the  distance.  But  though  we  have  thus,  digtance  simply  in 
one  case  and  square  of  the  distance  in  the  other,  the  same  cause 
and  law  is  operating  as  will  be  seen  §  94.  The  flat  plates  are 
simply  equivalent  to  parts  of  the  surface  of  very  large  spheres, 
and  the  actual  distance  apart  bearing  no  relation  to  the  length 
of  the  radii,  the  difference  of  the  squares  of  the  two  (theoretical 
distances)  is  practically  undistinguishable  from  the  distances 
themselves. 

Hence,  Force  varies  as  square  of  Quantity. 

„  „  square  of  difference  of  Potential. 

„  „         inversely  as  square  of  distance  firom 

centre. 

75.  Tension. — This  term  is  so  differently  used  as  to  cause 
much  confusion,  as  may  be  seen  from  the  following  quotation 
from  Gmelin's  '  Handbook  of  Chemistry '  (a  curious  name  for  a 
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work  extending  over  many  large  yolames).  "  The  tension  of 
the  nnclosed  circnit  as  determined  by  the  electrometer  increases 
directly  as  the  number  of  pairs  (Yolta,  &o,).  It  increases  as 
the  square  of  the  number  of  pairs  (Delezennes).  In  the 
unclosed  circuit,  it  increases  as  the  square  of  the  number  of 
pairs  and  in  the  closed  circuit  directly  as  the  number,  for 
the  statical  effects  of  a  given  quantity  as  shown  in  the  open 
circnit  by  the  electrometer  are  to  the  dynamical  effects  which 
the  galvanometer  exhibits  in  the  closed  circuit  in  the  ratio  of 
the  square  to  the  simple  number  (Peltier)." 

l)he  definition  of  tension  as  varying  as  the  number  of  pairs  in 
a  battery,  but  manifested  on  the  electrometer,  is  that  of  poten- 
tial and  electromotive  force.  All  these  can  be  expressed  in  volts. 

When  it  is  defined  as  varying  as  the  square  of  the  number  of 
pairs,  it  cannot  be  expressed  in  volts:  this  is  in  fact  the 
attraction  or  definition  of  force. 

According  to  Fleeming  Jenkin,  "  tension  is  measured  in  imits 
offeree  per  unit  of  area  and  is  proportional  to  the  square  of 
the  density  on  the  element  of  surface." 

The  common  sense  of  the  word  is  connected  to  a  pull  or 
attraction;  Clerk  Maxwell  defines  it,  "The  tension  of  so 
many  pounds  or  grains  weight  on  the  square  foot  exerted  by 
the  air  or  other  dielectric  medium,  in  the  direction  of  the 
electromotive  force."  This  means  that  tension  is  the  "  stress  " 
on  the  dielectric,  and  in  this  sense  it  is  occasionally  used  in 
these  pages.  In  the  first  edition  the  word  was  used  in  the 
same  sense  as  potential,  and  led  to  some  confusion  by  the 
natural  inference  that  potential  or  EMF  in  volts  are  analo- 
gous to  stress  (which  is  tension^  instead  of  to  its  square  root. 

76.  Potential. — This  term  is  very  generally  employed  in 
electrical  works,  because  it  sounds  dignified ;  but  it  is  veiy 
commonly  misemployed  and  still  more  commonly  misunderstood. 
It  is  used  properly  and  advantageously  in  the  more  abstract 
investigations  of  "  static  electricity,"  but  improperly  in  dynamic 
electricity  in  the  place  of  electromotive  force.  The  defini- 
tions usually  given  of  it  are  quite  unintelligible  to  the  ordinary 
mind,  and  only  cause  confusion  of  thought.  For  instance  the 
common  definition^  The  potential  at  any  paint  is  the  work  which  must 
he  spent  upon  a  unit  of  positive  electricity  in  bringing  it  up  to  that 
point  from  an  infinite  distance^  involves  several  false  assumptions 
and  inconceivable  ideas.  It  is  impossible  to  bring  anything 
from  an  infinite  distance ;  and  it  is  impossible  to  bring  unit 
positive  electricity  anywhere,  irrespective  of  its  negative 
comiterpart,  which  the  definition  treats  as  non-existent.  In 
a  discussion  upon  this  subject  in  the  pages  of  the  Electrician^ 
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in  which  the  author  and  several  eminent  electricians  took 
part,  Clerk-Maxwell  said,  ''The  theory  of  electroH3tatics  is 
greatly  simplified  by  the  introduction  of  this  new  concept  of 

Sotential."  "  As  soon  as  we  pass  from  electro-statics  to  other 
epartments  of  electrical  science  we  find  that  the  concept  of 
potential  is  no  longer  available,  except  when  used  in  a  restricted 
sense  and  under  carefully  defined  conditions."  ''  In  other  parts 
of  electrical  science  we  have  to  deal  with  electromotive  force 
in  cases  where  'potential'  and  consequently  'potential  dif- 
ference '  are  words  without  meaning."  The  term  was  not  em- 
ployed in  the  first  edition  of  this  work,  but  "  tension  "  was  used 
in  the  same  sense.  Tension  itself  is  employed  in  two  senses  by 
electricians,  §  75,  and  as  the  use  and  meaning  of  potential  is 
now  better  understood,  and  the  word  generally  employed  in 
electrical  writings,  it  is  used  here  now  in  its  apphcation  to 
static  conditions  only,  and  I  will  endeavour  to  make  its 
meaning  clear. 

Professor  Baynes  (in  the  discussion  referred  to)  remarked 
that  potential  is  the  square  root  of  force.    See  §  74. 

Dr.  0.  Lodge  defined  the  "potential  of  a  point  as  the 
potential  energy  of  unit  electricity,  if  placed  there." 

Both  these  definitions  are  really  embraced  in  the  explanation 
attempted,  of  the  relations  of  force  and  energy  to  electric 
current  in  the  sections  treating  of  Ohm's  formulie  in  the  chapter 
on  Current. 

77.  Potential  has  often  been  compared  to  pressure,  as  for 
instance  to  head  of  water :  tension  has  an  obvious  analogy  to 
the  pull  exerted  by  an  attraction,  or  to  the  pressure  of  steam  in 
a  boiler.  When  the  subject  is  fully  examined,  as  it  will  be 
later  on,  it  will  be  found  that  this  is  the  true  idea  connected  to 
the  term.  In  fact  this  is  the  meaning  hidden  under  the 
favourite  definition  given  in  §  76,  for  the  "work  expended 
upon  unit  electricity  "  in  raising  it  to  a  given  potential  implies 
the  same  idea  as  the  "  work  expended  upon  unit  weight  in 
raising  it  to  a  given  height.  But  none  the  less  the  expression 
is  very  erroneous  and  misleading ;  .it  would  be  erroneous  to  say 
that  "  gravitation  effect  m  the  work  expended  upon  unit  weight," 
though  it  would  be  correct  to  say  that  it  is  proportional,  upon 
unit  weight,  to  the  work  expended  in  raisiug  it.  So  potential 
is  not  the  work^  but  a  general  expression  for  such  a  stress  as 
would  be  capable  of  doing  that  work  on  a  limited  mass,  such  as 
unit  weight,  or  unit  electricity. 

It  is  very  important  that  the  student  of  Natural  Science 
should  not  rest  in  mere  words  and  formulaB,  but  should  realize 
their  meanings,  and  endeavour  to  attach  a  definite  concrete 
conception  to  the  words  he  uses.     This  is  the  reason  why  I 
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have  endeavoured,  in  these  pages,  to  lay  open  the  natural 
facts  and  principles  which  really  underlie  terms  which  in  most 
books  are  presented  as  though  they  were  themselves  the  facts, 
and,  merely  called  for  a  short  definition. 

78.  The  ideas  embodied  in  "potential"  are  not  confined  to 
electricity,  though  the  use  of  the  word  is  very  nearly  limited  to 
this  science.  Later  on  it  will  be  seen  that  the  ideas  belonging 
to  it  are  most  clearly  worked  out  in  connection  with  water  in 
hydraulics,  where  we  have  conditions  strongly  resembling  those 
01  electrioity,  both  as  to  the  static  stresses,  and  the  laws  of 
current  and  energy. 

Potential  is  strictly  comparable  to  the  pressure  exerted  by 
a  column  of  water  upon  its  base,  or  to  ^e  potential  energy 
possessed  by  a  unit  weight  at  the  top  of  the  column.  That  is, 
it  is  as  head  of  water  in  hydraulics. 

But  it  has  to  be  considered  as  the  cause  of  current,  and 
measured  by  the  momentum  it  can  generate,  and  in  this  aspect 
it  is  comparable  to  the  square  root  of  the  head  of  water  or  of 
potential  energy. 

79.  Potential  and  electromotive  force  are  different  ways  of 
regcurding  the  same  agency  and  are  equal  in  value:  but  one 
refers  to  static  strains,  the  other  to  motion  produced.  Potential 
relates  to  the  Inductive  Circuit.  Electromotive  force  relates 
to  the  Canduetive  Circuit.  Both  are  measured  in  volts,  and 
both  are  equal  at  the  same  point. 

80.  The  term  potential  is  often  employed  in  a  very  mysti- 
fying manner:  for  instance,  it  is  said  that  all  the  parts  of  a 
metallic  surface  are  at  one  potential,  because  if  they  were  not 
00,  current  would  flow  along  it.  But  this  is  reasoning  in  a 
vicious  circle ;  thepotential  itself  is  defined  as  the  power  to  set 
np  the  current.  The  parts  of  the  surface  are  at  one  potential 
only  in  the  artificial,  mathematical,  electrical  sense  ;  that  is  as 
related  to  an  imaginary  zero.  But  if  a  surface  varies  in  its 
distance  from  its  opposed  surface,  if  for  instance  the  two  sur- 
faces are  inclined  to  each  other,  the  attractive  forces,  therefore 
the  potentials,  the  density  will  vary  all  along  the  surface:  every 
part  of  it  wiU  have  its  own  inductive  circuit,  with  its  own 
potential.  The  different  parts  of  the  one  sur&ce  have  no  rela- 
tion to  each  other  in  this  aspect,  any  more  than  if  they  were 
cut  up  into  a  series  of  insulated  parts.    See  §§91,  ^2. 

It  is  also  commonly  stated  that,  in  this  artificial  electricity 
the  potential  is  the  same  at  the  end  of  a  long  point,  as  it  is  on 
the  sphere  to  which  the  point  may  be  connected :  this  is  also  a 
consequence  of  the  definition  and. because  they  are  connected:  but 
the  electromotive  force,  the  tendency  to  discharge,  the  relation  to 
the  opposed  surface  are  very  different  at  the  sphere  and  the  point. 
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As  this  work  deals  only  with  the  electricity  which  exists  in 
nature,  the  term  must  ne^er  be  understood  in  these  pages  as 
conveying  any  of  these  imaginations,  but  purely  as  the  static 
analogue  of  Dynamic  Electromotive  Force. 

8 1.  Distribution  of  Electricity. — ^Most  electrical  works  oc- 
cupy many  pages  and  numerous  illustrations  to  show  that 
Static  electricity  is  found  and  exists  only  on  the  surfaces  of  bodies. 
Faraday  made  many  beautiful  experiments  to  show  this,  and  to 
prove,  among  other  things,  that  the  force  is  to  be  found  only 
on  external  surfaces.  In  fact,  this  is  the  sole  meaning  of  the 
statement  as  made  by  the  earlier  electricians,  who  experimented 
purely  with  objects  placed  in  an  ordinary  room,  and  considered 
only  the  actions  observed  on  those  objects :  these  old  theories 
of  charge  by  an  isolated  single  electricity,  were  really  destroyed 
as  soon  as  it  was  found  that  electricity  could  be  placed  upon  an 
internal  surface.  But  electricians  still  cling  to  the  old  form  of 
words  when  the  meaning  is  entirely  changed :  and  if  some  of 
my  readers  find  that  the  newer  explanation  is  several  times 
repeated  as  the  special  occasions  call  for  it,  it  should  be  under- 
stood that  this  IS  on  account  of  its  extreme  importance;  the 
clearly  realizing  of  the  dual  nature  of  electricity  and  its  action 
in  a  field  of  force,  is  the  laying  of  a  sound  foundation  for  the 
whole  structure  of  the  comprehension  of  electrical  action.  As 
the  question  of  surface  action  will  be  thoroughly  examined, 
one  illustration  of  the  apparent  confinement  to  external  surfaces 
will  suffice.  Faraday  used  a  conical  bag  of  stiff  muslin,  pro- 
vided with  silk  cords  bv  which  it  could  be  turned  inside  out ; 
and  mounted  on  a  metal  ring  supported  on  an  insulating  stand. 
If  a  charged  body  is  introduced  into  the  open  mouth  and 
touched  to  the  bag,  the  electricity  leaves  it,  and  is  found  on 
the  outside,  on  which  all  the  little  fibres  wiQ  rise ;  no  trace  of 
any  is  to  be  found  in  the  interior ;  if  now,  by  means  of  the 
strings,  the  bag  is  turned  inside  out,  the  electricity  at  once 
passes  to  the  other  and  now  outer  side.  Faraday  even  showed 
that  inside  an  insulated  chamber  built  for  the  purpose  within 
another  room,  and  strongly  charged  with  electricity,  the  most 
delicate  instruments  contained  in  it  and  connected  to  it  showed 
no  trace  of  action. 

This  experiment  has  been  very  carefully  repeated  by  others 
also,  but  interesting  as  it  is,  and  important  as  it  was  at  the 
time,  it  only  proves  what  is  a  detail,  an  instance  of  a  general 
law.  The  static  actions  of  electricity  are  manifested  at  surfaces 
because  these  are  the  boundaries  of  the  field  of  force  in  which  the  elee- 
trie  charge  exists.  The  law  audits  reason  are  obvious:  Elec- 
tricity in  its  static  manifestations  must  be  found  only  on  surfaces. 
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where  the  polarized  circuit  passes  from  one  hody  to  another ;  it 
is  a  state  of  strained  rest,  unmoving  tension,  and  can  only  be 
discovered  by  transferring  that  state  of  tension  to  another 
body. 

82.  The  two  great  anthorities  on  electrical  distribution  and 
its  consequences  are  Coulomb  and  Sir  William  Harris.  The 
first  examined  the  subject  in  the  most  elaborate  manner,  by 
means  of  the  torsion  electrometer,  and  arrived  at  certain  con- 
clusions which  he  embodied  in  a  series  of  laws.  Sir  William 
Harris,  on  repeating  the  experiments,  found  Coulomb's  results 
only  approximately  correct,  and  modified  these  laws  accordingly, 
and  to  this  hour  the  subject  remains  in  this  indefinite  state,  for 
in  fact,  any  laws  of  distribution  and  accumulation  can  only  be 
approximate ;  they  are  only  general  principles,  and  the  distri- 
bution will  vary  with  every  variation  in  surrounding  bodies, 
that  is  to  say,  with  every  alteration  in  the  lines  of  least  inductive 
resistance ;  so  the  charge  will  be  found  only  on  the  external  sur- 
face on  an  isolated  body,  if,  as  is  usually  the  case,  its  polar 
circuit  is  directed  to  external  bodies ;  but  if  an  interior  body  is 
provided  through  which  the  circuit  is  completed,  then  electricity 
is  to  be  found  on  the  inner  surface. 

Spheres  distribute  the  charge  equally  over  their  surface  pro- 
vided they  are  at  a  great  distance  from  the  opposing  charge : 
two  or  more  spheres  connected,  will  divide  a  charge  in  propor- 
tion to  their  **  capacity,"  which  is  as  their  radii,  if  regarded  as 
isolated  bodies. 

EUipses  distribute  the  electricity  more  towards  their  ends  as 
do  a  series  of  spheres  in  contact. 

The  form  of  the  conductor  influences  the  distribution  simply 
by  the  relative  facilities  of  generating  lines  of  force  to  the 
opposed  conductors,  and  the  mode  of  testing  the  density  is  by 
applying  a  proof  plane,  which  becomes  the  surface  it  covers, 
appropriating  the  lines  of  force  terminating  there,  and  con- 
stituting with  them  a  new  field  of  force  of  its  own. 

83.  P01KT8. — We  have  in  this  action  of  distribution  the 
reason  of  the  action  of  points.  If  the  conductor  of  a  machine 
is  fitted  with  a  point,  no  charge  can  be  obtained ;  if  a  pointed 
conductor  be  held  towards  it,  no  charge  can  be  obtained.  The 
lines  of  force  pass  from  every  part  of  a  surface  towards  every 
opposing  surfstce  carrying  opposite  charge:  in  the  case  of  a 
sphere  these  lines  are  therefore  radial  and  equal  at  all  parts : 
in  the  case  of  an  ellipse,  they  are  parallel  along  its  length  and 
Tadial  at  its  ends:  in  the  case  of  a  cone,  they  pass  in  all 
directions  not  covered  by  its  base ;  and  as  this  cone  lengthens, 
they  increase  in  number  till  a  point  terminating  a  long  cone 
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may  be  regarded  as  the  centre  of  a  sphere,  concentrating  upon 
it  all  the  possible  lines  of  force.  All  substances  have  their 
limit  of  endurance,  their  breaking  strain :  the  dielectric  strength 
of  air  has  its  limit,  and  under  these  circumstances  it  breaks 
down  and  becomes  a  conductor :  the  breaking  strain  of  air  is 
reached  when  the  density  approaches  20  static  units  (§  72)  per 
square  centimetre:  we  may  conceive  that  in  these  oirciun- 
stances  the  molecules  of  air  become  so  strongly  charged  that 
they  fly  off  towards  the  surrounding  surfaces.  If  the  points 
are  cased  in  guttapercha  or  other  substances  of  greater  power 
of  endurance  the  limit  of  charge  is  largely  increased. 

It  may  be  as  well  to  refer  here  to  the  action  of  the  electric 
whirl.  This  consists  of  a  number  of  wires  with  their  ends 
pointed  and  bent  all  in  one  direction,  and  fixed  upon  a  centre 
point  so  as  to  be  able  to  rotate.  When  this  is  connected  to  an 
electric  source,  it  rotates  rapidly,  and  if  examined  in  the  dark 
it  will  be  seen  that  each  point  is  giving  off  a  brush  discharge, 
which  the  motion  converts  into  a  luminous  ring.  This  is 
commonly  explained  as  an  effect  of  repulsion  between  the 
points  and  the  particles  of  charged  air.  There  are  probably 
two  actions  at  work :  the  brush  constitutes  a  negative  attrac- 
tion upon  the  metallic  arms  on  one  side,  because  the  attrac- 
tion is  exerted  on  the  molecules  of  air,  therefore  the  active 
attractions  remaining  are  on  the  other  side  of  the  arms :  but  as 
the  particles  of  air  are  rapidly  drawn  away  so  as  to  produce  a 
strong  wind,  an  equal  eddy  wind  is  produced  which  acts  in  the 
opposite  direction  on  the  arms  and  produces  rotation. 

84.  Surface  Density. — If  we  take  two  balls  of  i  and  2  inch 
diameter  and  charge  them  both  at  the  same  time  from  one 
source,  the  2-inch  will  have  twice  the  "  quantity  "  of  electricity 
on  it  that  the  other  has ;  but  if  we  apply  the  two  balls  to  an 
electroscope,  they  will  both  give  the  same  indications,  or  if 
both  are  tested  by  proof  plane  and  balance,  both  will  be  found 
charged  alike.  It  is  necessary  therefore  to  see  what  will  be 
the  effect  of  altering  the  extent  of  surface  without  altering  the 
so-called  quantity  of  electricity.  We  can  do  this  by  the 
instrument  shown,  Fig.  2 1 :  a  is  a  brass  tube,  one  end  fitted 
with  a  piece  of  metal  from  which  extends  a  wire  for  the  axis, 
the  other  end  fitted  with  a  plug  of  indiarubber,  in  which  is 
secured  a  wire  forming  the  other  end  of  the  axis,  and  bent  into 
a  winch ;  6  is  a  sheet  of  tinfoil ;  c  and  c^  are  glass  tubes,  to  the 
top  of  which  are  cemented  wires  bent  round  to  serve  as 
bearings  for  a ;  on  c  is  soldered  a  wire  hook  to  carry  two  pith 
balls.  If  the  foil  h  be  now  charged  in  the  usual  way  the 
electroscope  will  give  an  indication  representing  a  given  charge. 
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Now  -wind  up  the  foil,  and  as  the  exposed  snrface  diminishes 
the  action  is  concentrated  on  that  smaller  surfoce,  and  the 
electrometer  indicates  accordingly ;  when  the  surface  is  reduced 
to  half,  the  electrometer  indicates  doubled  action:  when  the 
surface  is  reduced  to  one-fourth,  the  electrometer  indicates  four- 
fold action.  But  what  is  really  measured  by  the  electrometer  in 
this  case  is  not  "  quantity,"  nor  even  density  upon  the  foil  itself ; 
this  should  be  clearly  comprehended.  From  every  part  of  the  sur- 
face, the  pith  halU  included  (or  a  separate  instrument  represented 
by  them),  lines  of  force  extend  to  the  opposing  surfaces,  and  the 
tension  on  all  these  lines  is  equal:  therefore  we  must  regard 
the  foil  h  and  the  balls  d  as  distinct  inductive  drcuitSy  the  relative 
resistances  of  which  are  proportional  to  the  relative  surfaces. 
When  the  foil  is  reduced  in  surface  to  one-half,  its  inductive 
resistance  is  doubled  or  in  other  words  its  capacity  is  halved :  the 
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relations  of  the  two  circuits  are  now  changed,  the  relative 
resistance  of  d  is  only  half  of  what  it  was  at  first,  and 
therefore  twice  the  number  of  lines  of  force  concentrate  there : 
in  other  terms  the  surface  density  is  doubled  on  both  h  and  d 
and  the  electrometer  measures  not  the  quantity  on  tiie  foil^  but  the 
action  of  its  oum  inductive  circuit :  it  measures  the  quantity  on 
the  foil  and  its  density  indirectly,  but  only  because  these  bear 
a  definite  relation  to  the  similar  conditions  on  d  itself  This  is 
the  point  every  student  of  electricity  should  firmly  impress  on 
his  mind,  that  every  possible  line  of  force  in  an  inductive  circuit  has 
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its  own  definite  resistance  and  conditions  ;  that  each  line  of  force  is 
truly  a  derived  circuit,  and  that  it  should  be  studied  on  exactly 
the  same  principles  as  rule  the  actions  of  a  large  number  of 
wires  of  different  kinds  connected  to  a  galvanic  circuit,  and 
constituting  derived  circuits  for  current. 

85.  One  of  Faraday's  beautiful  experiments  illustratee  many 
of  the  points  hitherto  considered.  Let  Fig.  22  represent  a 
room  containing  «,  a  source  of  electricity,  such  as  a  machine, 
to  the  prime  conductor  of  which  is  suspended  a  ball  +,  the 
rubber  being  connected  to  earth,  that  is  to  the  walls,  from  which 
the  radiating  lines  indicate  the  lines  of  electric  tension  set  up 
in  the  air ;  6  is  an  electrometer  which  if  connected  to  +  will 
show  positive  electricity  by  the  leaves  diverging ;  if  instead  of 
this  e  is  connected  to  the  walls,  a  feeble  divergence  will  be 


Fig.  22. 
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manifested,  but  this  time  it  will  show  negative  electricity ;  this, 
however,  will  require  a  very  delicate  instrument,  because 
although  exactly  the  same  quantity  of  negative  electricity  exists 
on  the  walls  as  there  is  of  positive  on  +,  the  surface  is  so  vastly 
larger,  that  the  density  is  so  low  as  to  render  its  presence 
almost  undiscoverable.     See  §  73. 

86.  Indcjced  Gharoes. — The  experiment  is  further  developed 
in  Fig.  23,  in  which  p  is  a  metallic  pail  surrounding  -|-,  and 
itself  insulated  by  the  glass  stand  t.  The  pail  is  not  in  contact 
with  +,  yet  on  connection  to  the  electrometer  its  outside  is 
found  to  be  +.  In  fiEkct  this  experiment  is  in  principle  the 
same  as  those  described  §  oo,  and  the  pail  vdll  be  found  to  have 
the  same  quantity  of  positive  electricity  on  its  exterior  surface 
as  +  itself  has,  yet  the  latter  has  lost  none ;  on  the  other  hand, 
if  +  be  now  touched  to  the  pail  and  discharged,  p  wiU  receive 
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no  more  electrioity,  nor  will  e  manifest  any  change  in  its  con- 
didou,  although  +  has  lost  all  its  charge.  The  reason  is,  that 
the  pail  when  placed  round  +  without  contact,  takes  the  place 
simply  of  the  particles  of  air,  and  by  presenting  a  change  of 
substances,  manifests  the  condition  of  polarization  existing  iu 
the  air  it  displaces,  but  not  manifested  or  discoverable  there, 
because  these  static  effects  are  never  exhibited  within  any 
subetance  fonning  part  of  the  inductive  circuit,  but  only  at 
the  points  where  that  circuit  passes  from  one  substance  to 
another,  that  is  to  say,  at  the  surfaces  in  contact.  In  like 
manner  we  see  no  changes  or  action  in  the  liquid  of  a  decom- 
position cell  or  in  the  wires,  but  only  at  the  sui-faoes  of  metal 
and  liquid  in  contact.  Thus  it  will  be  found  that  the  interior 
of  |>  in  this  condition  is  in  a  negative  state,  and  this  is  usually 
termed  electrification  by  induction;  it  is,  however,  embraced 
in  the  general  theory  that  electricity  is  simply  a  chain  of 
polarized  molecules,  and  any  molecules  inserted  in  the  chain 
necessarily  become  polarized.  Instead  of  a  single  pail,  several 
may  be  employed  within,  but  insulated  from  each  other,  when 
eacn  will  show  —  electricity  inside,  +  outside,  and  each  will  be 
found  to  have  exactly  the  same  quantity,  with  a  density 
proportioned  to  its  surface. 

Several  important  conclusions  may  be  drawn  from  this 
experiment.  It  is  a  fundamental  law  that  no  effect  can  be 
produced  without  a  cause^  energy  equivalent  to  it  being 
expended.  But  if  the  charged  baU  +  be  inserted  into  a  set  of 
ptJls,  it  polarizes  them,  producing  a  ntunber  of  surfaces  all 
charged  with  as  much  electricity  as  itself  without  itself  losing 
any.  Nay,  if  the  ball  be  first  inserted  before  charging,  it  will 
be  found  that  it  can  be  charged  more  easily  th^ua  when  the 
fiurrounding  pails  are  removed.  Now  if  induction  were  a  fresh 
effort  of  force,  it  is  clear  that  neither  of  these  circumstances 
would  occur.  Why  they  do  occur  is  evident  on  this  theory. 
The  resistance  to  polarization  of  the  metal  pails  is  less  than 
that  of  the  air,  they  therefore  require  no  e£brt  of  force ;  on  the 
oontrsury,  the  transfer  of  the  state  of  t^ision  from  air  to  metal 
diminishes  the  energy  expended  in  the  action,  or  the  inductive 
resistance  of  the  circuit. 

When  it  is  said  that  the  charged  body  loses  no  force,  the 
statement  requires  explanation;  it  actually  loses^  but  then 
every  charged  body  does  this,  and  in  every  experiment  the 
tension  is  constantly  falling  at  a  rate  dependent  on  the  state  of 
the  air  and  surrounding  objects ;  what  is  meant  therefore  is, 
that  this  normal  rate  of  loss  is  not  increased  by  the  conditions  of 
the  experiment. 
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87.  Exactly  the  same  teaching  is  deriTed  from  the  experi- 
ment Bhown  in  Fig.  24  which  is  commonlj  emplojed  to  illne- 
trate  '*  Induction,"  as  though  it  were  an  action  set  np  bj  a  bod  j 
possessed  of  free  charge,  while  it  really  exhibits  the  mode  in 
which  the  chain  of  polarization  is  developed.  -|-  is  a  charged 
ball  on  an  insulating  stand ;  if  we  imagine  it  standing  alone, 
the  conditions  are  those  of  Fig.  22,  an  equal  quantity  of  —  elec- 
tricity existing  on  the  walls;  we  now  bring  near  it,  but  not 
near  enough  for  a  spark  to  pass,  the  insulated  cylinder  a.  This 
furnishes  a  new  path  for  the  force,  and  its  molecules  are  pola- 
rized, gold  leaves  or  tinfoil  suspended  at  its  ends  will  diverge, 
and  by  examining  their  condition  the  charge  at  the  end  nearest 
+  is  found  to  be  — ,  and  the  other  end  +.  The  common  expla- 
nation is  that  the  free  electricity  of  the  ball  decomposes  the 
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natural  electricity  of  the  cylinder,  attracting  to  its  nearest  end 
an  equal  quantity  of  the  opposite  electricity,  and  repelling  the 
similar  to  the  other  end.  Add  5,  a  similar  cylinder,  and  the 
same  result  occurs  in  it,  and  in  as  many  as  we  please.  Ter- 
minate the  series  by  a  ball  similar  to  the  first;  it,  like  the 
cylinders,  is  polarized ;  but  if  by  means  of  a  chain  or  a  dis- 
charger we  connect  the  ball  to  "  earth "  for  a  moment,  we  find 
the  ball  is  then  charged  with  —  electricity  alone,  and  to  con- 
tinue the  old  explanation,  its  4-  goes  to  earth,  leaving  the  free 
charge  opposite  to  that  of  the  first  ball. 

But  the  real  explanation  is  this :  When  a  is  placed  near  the 
ball,  it  presents  a  more  ready  path  for  the  force,  because  its 
molecules  resist  less  than  those  of  air,  hence  a  twofold  action. 
Its  molecules  are  polarized  by  the  force  charged  on  the  air  it 
displaces,  but  also  a  disturbance  of  the  previously  existing 
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arrangements  is  produced;  instead  of  the  polanzation  pro- 
ceeding in  all  directionB  eqnally,  a  presents,  by  its  enlarged 
earBkoe^  a  much  readier  patn,  and  the  largest  portion  of  the 
foroe  tends  to  it,  and  will  result  in  a  spark  passing  if  they 
approach  too  closely,  while  if  this  is  avoided,  a  simple  redistri- 
bntit>n  of  the  lines  of  force  oocnrs.  When  h  is  added,  a  similar 
result  and  fresh  distribution  occurs ;  and  again  when  the  last 
ball  is  presented ;  but  when  this  last  is  connected  to  earth,  it 
sets  up  a  circuit  of  small  resistance,  confined  nearly  to  the  line 
of  balls  and  cylinders :  there  always  is  a  partial  circuit  to  the 
other  surfaoes,  however,  and  in  consequence  of  this  the  —  charge 
on  the  last  ball  will  never  be  equal  to  the  +  on  the  first,  as  the 
old  theory  would  involve ;  if  touched  together  in  an  insulated 
condition  there  always  remains  a  charge  on  +  which  is  equiva- 
lent to  the  —  left  on  the  walls,  &c, ;  so  also  each  successive 
cylinder  will  be  polarized  with  diminished  force,  and  will  retain 
on  removal  a  slight  positive  charge,  if  the  final  ball  has  been 
connected  to  earth,  because  from  each  of  them  a  fraction  of  its 
circuit  is  completed  by  the  walls  instead  of  through  its  opposite 
end  to  the  next  cylinder. 

88.  Condensation. — We  can  now  understand  the  action  of 
charged  surfaoes  in  the  form  of  condensers,  such  as  the  Leyden 
jar,  and  those  used  in  induction  coils,  and  in  those  vast  con- 
densers, submarine  cables,  in  which  these  effects  of  charge 
produce  the  great  retardation  in  the  passage  of  signals,  which 
long  puzzled  practical  electricians.  The  instrument  shown  in 
Fig.  25  is  intended  for  examining  this  subject.  It  consists  of  a 
wood  or  ebonite  stand  with  a  groove  down  its  middle,  in  which 
can  be  inserted  the  stems  of  the  other  parts  which  can  then  be 
placed  parallel  to  each  other,  and  at  various  distances.  A  and 
B  are  glass  or  ebonite  stems  carrying  metallic  discs ;  C  is  a 
similar  stem  carrying  a  clip  frame,  which  will  support  a  sheet 
of  glass  or  other  dielectric.  Now  let  A,  standing  alone  on  the 
frame,  be  charged  from  the  prime  conductor,  it  becomes  +,  and 
the  walls  —  as  usual,  and  gold  leaves  or  pith  balls  attached  to 
A  will  be  repelled  on  both  its  &ceB.  Now  if  B  is  placed  as 
shown,  it  will  produce  no  effect  on  A,  but  will  itself  be  pola- 
rized exactly  as  were  the  cylinders  in  Fig.  24  and  in  a  degree 
depending  on  the  distances ;  depending,  that  is,  upon  the  area  of 
the  inductive  circuit  or  lines  of  polarization  which  its  surface 
occupies.  If  B  be  now  uninsulated  by  touching  it,  it  will  be 
found  to  be  wholly  negative.  Thus  far  we  only  repeat  the  con- 
ditions of  the  case  described  in  §  87. 

But  it  will  be  found  now  that  only  the  gold  leaf  on  the  inner 
side  of  A  is  affected,  that  on  the  outside  will  no  longer  be 
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repelled:  the  reason  is  that  the  inductive  circuit  A  B  has  a 
resistance  so  small,  compared  with  the  outer  circuit,  that  the 
—  charge  has  left  the  outer  circuit  and  concentrated  upon  B  : 
the  old  theory  called  this  an  induced  charge  which  was  supposed 
to  be  called  up  from  the  earth  by  the  attraction  of  the  +  on  A, 
whereas  it  is  simply  the  actual  —  counterpart  of  the  +  inBepa- 
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rable  from  it,  but  constituting  with  it  a  field  of  force  wherever 
it  finds  the  least  resistance,  that  is  to  say,  where  there  is  present 
at  the  shortest  distances,  matter  having  the  most  capacity  for 
generating  the  field,  or  as  the  next  stage  of  still  lower  resistance, 
matter  capable  of  transmitting  electric  current. 

If  we  connect  A  to  the  prime  conductor,  and  B  to  the  rubber, 
the  whole  apparatus  and  source  being  insulated  so  as  to  confine 
the  action  to  this  circuit,  when  we  venerate  electricity  electro- 
scopes fixed  to  the  inner  faces  wiU  be  repelled  as  usual,  bat 
those  on  the  outer  faces  will  be  entirely  unaffected.  In  this 
state  we  cannot  discharge  either  of  the  discs  by  any  earth  con- 
nection, we  can  only  slightly  diminish  the  charge ;  if  we  touch 
A,  a  derived  circuit  is  set  up,  and  a  portion  of  the  positive 
charge  passes  to  surrounding  conductors,  and  the  more  distant 
apart  the  discs  are,  the  greater  this  portion  will  be,  because  the 
charge  will  divide  itself  in  proportion  to  the  resistance  of  every 
path  open  to  it.  If  we  next  touch  B,  a  similar  action  occurs ; 
first  an  amount  of  charge  pctsses  away  equal  to  that  removed 
from  A,  and  then  a  negative  charge  takes  its  place ;  thus,  step 
by  step,  the  charge  may  be  removed. 
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In  tbeBe  oonditions,  tlie  plates  A  B  (which  exactly  represent 
the  t^wo  coatings  of  a  Leyden  jar)  fairly  correspond  to  the  two 
plates  of  a  galvanic  cell ;  connecting  one  plate  to  earth,  &o.,  is 
the  same  thing  as  connecting  only  one  pole  of  a  battery  to 
appcu-atus.  The  only  difference  between  these  plates  and  liiose 
of  a  cell  is  that  the  battery  plates  are  capable  of  constantly  re- 
newing their  own  charge,  while  the  condenser  plates  have  only 
that  placed  on  them  from  an  exterior  sonroe. 

89.  Bound  or  Dissimulated  Electricity. — These  are  terms 
which  belong  to  the  old  theories :  they  are  meaningless  under 
the  new  theories,  but  are  still  employed  in  text-books.  When, 
as  in  §  87,  the  +  charge  acts  by  induction  on  the  cylinder  a, 
Fig.  24,  it  is  said  to  break  up  the  neutral  electricity,  to  attract 
its  —  and  to  repel  its  +  to  the  further  end  of  the  cylinder : 
this  cylinder  has  then  two  charges  of  electricity,  of  which  only 
the  4-  will  leave  it  when  touched  to  earth.  This  +  is  called  the 
free  charge  and  the  —  is  said  to  be  bound  by  the  attraction  of 
the  -f-  baU.    The  real  actions  have  been  explained. 

If  we  take  the  electroscope  Fig.  8,  p.  19,  and  attach  the  plate 

/,  and  place  a  similar  plate  upon  it  (the  faces  being  varnished 

so  as  to  represent  the  plates  A  B,  Fig.  24),  we  have  a  condensing 

electroscope.    K  we  apply  a  weak  source  of  electricity  to  the 

lower  plate,  only  a  very  slight  action  occurs  at  the  leaves; 

if  we  touch  the  upper  plate  while  the  source  is  acting  there 

will  be  accumulation  in  the  condenser  formed  by  the  two  plates, 

because  its  capacity  vastly  exceeds  that  of  the  highly  resisting 

circuit  of  the  leaves  themselves,  but  as  the  potential  remains 

the  same  the  leaves  remain  unaffected  ;   of  course,  the  two 

circuits  do  not  disturb  each  other,  each  acts  as  though  it  were 

alone.     If  we  now  remove  the  upper  plate  (after  disconnecting 

the  source)  the  leaioes  expand.    Why?    I  quote  from  a  recent 

work, "  the  capacity  of  the  condenser  diminishes  enormously  and 

the  small  quantity  of  electricity  is  now  able  to  raise  the 

potential  of  the  plates  to  a  higher  degree  and  the  gold  leaves 

expand  accordingly."     The  explanation  simply  obscures  the 

natural  facts.    The  plates  have  nothing  to  do  with  the  matter ; 

when  the  upper  plate  is  removed  the  condenser  ceases  to  exist, 

but  there  are  two  distinct  circuits  through  the  air  to  other 

sur&ces ;  one  circuit  is  from  the  surface  of  the  plate,  the  other 

from  that  of  the  leaves :  these  latter  (if  there  is  an  earth-plate, 

as  shown,  provided  by  the  foil  on  the  glass  case)  have  a  circuit 

of  much  the  lowest  resistance  and  the  action  concentrates  there 

just  as  described  in  §  88   when  the  circuit  is  changed  by 

diversion  to  the  plate  B  of  Fig.  25. 

If  the  plates  A  and  B  of  Fig.  25  are  placed  as  far  apart  as 
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possible  they  will  only  receive  a  oertain  quantity  of  electric 
charge  from  a  source  of  a  given  potential,  such  as  a  battery :  if 
we  approach  the  plates,  they  will  receive  a  higher  charge,  not 
because  the  two  electricities  attract  each  other  more  strongly 
and  are  therefore  able  to  hind  more  of  each  other  as  the  bool^ 
say,  but  because  the  resistance  of  the  circuit  being  diminished,  a 
stronger  field  of  force  is  generated,  just  as  with  the  same  battery 
a  stronger  current  is  generated  when  the  length  of  the  inter- 
posed  wire  is  diminished.  If  the  plates  are  brought  near 
together,  and  charged  as  much  as  possible,  then  the  placing  of 
a  sheet  of  glass  upon  C,  Fig.  25,  would  enable  a  yet  higher 
charge  to  be  taken  up,  and  a  sheet  of  ebonite  would  yet  further 
increase  this  '* capacity  for  electric  charge":  this  shows  that 
the  matter  between  the  surfaces  plays  an  important  part,  and 
the  case  is  analogous  to  substituting  a  copper  wire  in  a  battery 
circuit  for  a  brass  one  of  equal  size  and  length.  Freeing  our 
minds  from  the  ideas  of  dianmtdatian,  the  molecular  theory 
gives  a  clear  explanation  of  the  facts.  The  charge  a  given 
circuit  can  receive  from  a  given  source  is  in  the  inverse  ratio  of 
the  renstance  of  that  circuit ;  or,  in  other  words,  proportional  to  iU 
inductive  capacity. 

90.  Inclosed  Sphere. — The  action  of  a  sphere  indosed  in 
another  sphere  affords  the  most  complete  study  of  the  principles 
of  the  inductive  circuits,  and  it  is  so  completely  enshrouded  in 
mystery  in  most  of  the  text-books  that  it  is  desirable  to  ex- 
amine it,  although  in  so  doing  we  are  really  going  over  the 
ground  again.  Fig.  26  a  is  a  ball  of  metal  mounted  on  a  glass 
tube  cemented  into  a  neck  on  6,  which  is  a  hollow  sphere  divided 
in  two  at  its  horizontal  diameter,  so  that  the  upper  half  may  be 
lifted  by  the  glass  tube ;  the  lower  half  is  mounted  on  an  insula- 
ting stand.  If  we  now  connect  h  to  the  prime  conductor  in 
the  usual  manner,  it  will  receive  a  charge,  and  on  lifting  the 
upper  half  no  electricity  will  be  found  on  the  inside  of  6,  or  on 
the  ball  a.  Even  if  we  insert  a  wire  in  the  tube  and  connect 
a  and  6,  a  will  receive  no  charge ;  but  if  the  wire  be  lefi  in 
a  during  removal,  then  charge  will  be  found  on  it  by  trans- 
fer from  6.  This  is  one  of  the  old  experiments  showing  that 
charge  resides  only  on  eostemdl  surfaces.  But  if  we  drop 
a  wire  through  the  tube  into  a,  and  charge  it,  connecting  6  to 
earth,  that  is  to  the  rubber  of  the  machine,  then  we  shall 
find  +  electricity  on  a,  and  —  on  the  inside  of  6,  while  the 
outside  will  show  no  signs  of  electricity.  If  the  rubber  is 
as  usual  connected  to  earth  and  also  direct  to  a,  while  b  is 
charged  +,  both  inside  and  outside  will  be  found  charged  aUke^ 
and  tibe  inner  charge  will  be  equal  to  the  —  charge  found  on  a 
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and  greater  than  the  outer  charge,  this  being  due  to  the  smaller 
space  of  air  between  the  inside  of  b  and  a,  as  compared  with 
that  between  the  outside  of  h  and  surrounding  bodies ;  we  have 
in  fact  here  two  inductive  circuits  as  in  the  other  cases. 

Again,  if  we  charge  a  as  before,  and  then  by  a  discharger 
connect  the  wire  leading  to  it  with  the 
outside  of  6,  on  removing  the  upper  part 
no  trace  of  electricity  will  be  found 
remaining  on  a,  if  the  rubber  is  con- 
nected to  "earth."  Further,  if  we 
charge  a  from  the  conductor,  the  rub- 
ber being  to  earth  and  h  not  connected 
to  the  machine  at  all,  we  shall  find  that 
its  inside  is  in  a  —  condition  and  its 
outside  +,  and  this  outer  charge  will  be 
equal  in  quantity  to  that  on  a,  and  yet 
although  the  outside  and  inside  are  in 
intimate    metallic    contact,    these    two 

electricities  will  not  re-unite  as  long  as 

the  charge  is  maintained  upon  a ;  here,  h 

is  under  the  same  conditions  as  the  pail 

§  86.     This  is  a  simple  matter  which  the 

text-books    render    mysterious    by  the 

introduction  of  "potential."     They  say 

that  no  current  passes  from  the  outside 

of  b  to  the    inside,    because    although 

diflferently  charged  +  fti^d  —  they  are  at 

the  same  potenticUj  the  evidence  that  they 

are  at  this  same  potential  being  the  fact 

that  the  current    does  not  pass;    this 

reasoning  in  a  circle  is  unnecessary,  and 

the  use  of  the  idea  of  potential  here  is 

misleading.     If  it  were  said  that  there 

was  no  difference  of  potential  between  them  it  would  be  merely 

a  roundabout  way  of  saying  that  the  opposite  charges  on  the 

sides  belong  to  two  entirely  distinct  circuits  having  no  relation 

of  ^tential  between  them  at  all. 

When  the  circuit  is  internal,  by  charge  having  been  given 

from  the  two  poles  of  an  insulated  source,  there  is  no  external 

evidence  of  the  presence  of  electric  charge.     There  is  no  reason 

why  there  should   be,   but  an  elaborate  explanation  of  the 

natural  necessary  flGbct  is  provided  in  the  mathematical  theory. 

As  the  action  of  charge  upon  a  sphere  is  the  same  as  if  it  were 

concentrated  at  the  centre,  §  93,  it  is  argued  that  the  +  charge 

on  a,  and  the  equal  —  charge  on  the  inside  of  b,  having  equal 
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opposite  actions  from  the  oommon  centre,  neutralize  each  other's 
external  actions. 

91.  Leyden  Jar. — A  little  consideration  will  show  ns  that 
the  conditions  of  the  Leyden  jar  are  identical  with  those  of  the 
two  spheres  of  §  90,  it  is  a  mere  substitution  of  cylinders  for 
spheres,  and  of  glass  for  air :  we  may  therefore  examine  some 
important  parts  of  Electrical  Theory  by  aid  of  these  feimiliar 
instruments. 

According  to  the  matbematical  theory  of  electricity,  cnrrent, 
&c.,  discharge,  &c.,  are  due  simply  to  difference  of  potentidL^  the 
actual  position  of  the  two  points  on  what  we  may  call  the 
*' scale  of  potential"  having  no  influence.  When  the  word 
"potential"  is  used  by  itself  it  expresses  the  differenoe  of 
potential  from  an  assumed  zero,  usually  the  earth.  Such  a 
scale  of  potential  is  analogous  to  a  vertical  column  of  water  in 
which  different  pressures  may  be  obtained  at  different  heights. 

The  same  effect  will  occur  between  two  points  in  an  electric 
circuit,  whether  those  points  are  at  -f-  1 5  &nd  +  5  potential  as 
regards  zero,  and  tliough  both  of  them  have  free  +  charges,  as 
would  occur  between  two  points  at  +  5  and  —  5,  with  equal  free 
+  and  —  charges.  The  facts  are,  of  course,  true,  and  for  some 
of  the  purposes  of  calculation,  the  theory  has  its  advant^es. 
But  the  theory  is  not  true  as  a  fact  of  nature.  The  water 
analogy  itself  disproves  it;  the  column  of  water  below  the 
point  at  which  current  passes  is  inert,  it  is  not  in  the  dreuiL 
But  further,  there  is  no  such  thing  as  a  —  pressure  in  the 
column  of  water  except  in  view  of  the  arbitrary  zero,  the  earth 
surface ;  the  real  pressure  is  always  +,  always  in  one  direction, 
and  is  related  to  the  centre  of  the  earth.  It  is  the  same  in  elec- 
tricity ;  there  is  no  actual  +  and  —  (as  in  the  old  fluid  theories), 
these  merely  represent  the  relations  of  opposed  sides  in  the 
individual  drcuita  alone :  the  same  point  of  space  may  be  +  to 
one  circuit  and  —  to  another  circuit,  but  these  two  circuits  are 
wholly  independent ;  the  idea  of  a  common  sccJe  of  potential  is 
purely  arbitrary,  artificial,  and  delusive.   See  §  77. 

We  may  take  the  two  supposed  jars  (15  +  5  +  )  and  (5  +  5  — ) 
and  join  the  two  external  coatings  together,  no  matter  whether 
they  be  both  +  or  one  +  and  the  other  — ,  and  we  may  then 
connect  both  to  the  supposed  zero  of  potential,  the  earth,  with- 
out producing  any  effect  upon  the  charges. 

To  meet  this  f^ct  the  other  artificial  doctrine  of  hound  elec- 
tricity was  invented,  and  this  is  dealt  with  §  89.  But  the  jars 
in  this  case  are  exactly  analogous  to  two  distinct  galvanic  cells, 
which  may  be  combined  and  connected  in  exactly  the  same 
manner  without  producing  current,  as  long  as  the  other  poles 

Digitized  by  VjOOQIC 


93-]  INDTTCTIVB  AKD  OONDUOTIVB  OIBOUITS.  75. 

(corresponding  to  the  inner  coatings  of  the  jars)  are  not  con- 
nected. Under  these  circumstances  we  can  insulate  the  jars, 
either  connected  or  separate,  and  we  can  give  the  external 
coatings  a  free  charge.  But  what  is  this  but  adding  a  third 
inductive  circuit  ?  We  can  charge  the  external  coatings  +  or 
— ,  but  in  so  doing  we  simply  make  the  outside  surfaces  the  one 
coating  to  the  air  of  the  room  to  which  the  other  coating  is  the 
surrounding  surface.  We  can  even  put  opposite  free  charges 
on  tHe  two  jars  in  the  same  manner,  and  we  can  make  these 
chaises  either  the  same  or  the  opposite  of  the  charges  which 
their  inner  surfaces  hear. 

All  this  becomes  perfectly  clear  when  we  examine  each 
separate  inductive  circuit  as  we  should  the  circuits  of  currents 
which  every  one  knows  may  be  absolutely  distinct  though  they 
all  unite  at  a  common  point,  or  even  traverse  some  part  of  a 
common  conductor:  it  is  exceedingly  difficult  to  comprehend 
when  we  encumber  the  facts  of  nature  with  a  set  of  merely 
imaginary  conditions,  the  only  true  function  of  which  is  to 
serve  purposes  of  calculation.   As  to  residual  charge  see  §  94  (t^. 

92.  Inductive  and  Conductive  Cikcuits. — At  this  point  it 
will  be  useful  to  define  the  relations  and  contrasts  of  the  static 
and  dynamic  actions  of  electricity,  which  consist  solely  in  the 
different  nature  of  the  two  circuits  in  which  are  set  up  the 
fundamental  electric  conditions  of  §  40,  p.  26. 

The  conductive  circuit  consists  of  matter  which  allows  elec- 
trical action  to  take  place  in  the  form  of  current,  or  we  may  say 
it  permits  electricity  to  pass.  It  does  so  in  quantities  related 
to  the  electromotive  force,  to  the  conducting  capacity  of  the 
material  substance,  and  in  producing  current  the  electricity 
expends  energy. 

The  inductive  circuit  consists  of  matter  which  doe?  not  trans- 
mit electricity,  but  admits  of  the  formation  of  a  field  of  force 
manifested  as  charge  at  its  opposite  sides.  Such  '*  charge "  is 
proportional  to  the  potential,  to  the  inductive  capacity  of  the 
material  called  the  dielectric,  and  in  producing  charge  the  elec- 
tricity expends  energy. 

The  tabular  arrangement  on  the  following  page  iUustrates 
the  relations  very  forcibly. 

93.  Capacity. — It  is  usual  to  define  capacity  for  charge  as 
ooimected  to  surface,  and  in  fact  the  unit  of  capacity  is,  like 
that  of  quantity,  a  sphere  of  i  centimetre  radius ;  it  is  also 
taught  that  the  capacity  of  spheres  is  as  their  radius;  but  this 
form  of  statement  hides  away  the  fact  that  the  capacity  exists, 
not  in  the  sphere,  but  in  the  surrounding  space  itself,  and  that 
the  dimension  of  the  sphere  affects  the  capacity  only  because  it 
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StcUic 

Energy  potential: 
fitored  in  a  field  of  foroe, 
SB  stress  in  a  dielectria 


Elbotbioity 


Dynamic 

Energy  kmetic: 
acting  in  a  condacting 
path,    along    moleDDlsr 
chains. 


Inductive 

Capacitt 

Conductive 

Araa  of  dielectric. 

varies  as 

Area  of  conductor. 

Spec  ind.  capacity  of  di- 
electric. 

Spedfio  oonductivitj  of 
materiaL 

Thiolmess. 

inversely  as 

Length. 

Unite  of  Charge  stored 
under  unit  Potential. 

) 

is  measured  by 

{ 

Units  of  Current'  trans- 
mitted under  unit  EMF. 

The  Potential  in  Volts 
required  for  unit  Charge. 

) 

or  by 

. 

The  EMF  in  Volts  re- 
quired  for  unit  current 

Inductive 

Bbbutakcb 

Conductive 

Bedprocal  of  inductive 
capacity. 

\ 

is  the 

■ 

Bedprocal  of  conducting 
capacity. 

Charob 

Elbotbio 

Potential,  in  Volts. 

is  as 

; 

Electromotive  force,  in 
Volts. 

BeslBtance. 

inversely  as 

Besistance. 

lines    of   force    under 

stress. 

Inversely  as  the  several 

resistances. 

'  is  related  to  and  de-  ^ 

pendent  on          / 

divides  among  several  ^ 

circuits            , 

Lines  of  equivalent  mole- 
cules forming  chains. 
Inversely  as  the  several 
resistances. 

EmEBOT,  OB  WOBK 

Square  of  charge  in  unit 
or  equal  resistance. 

is  as 

{ 

Square  of  current  in  unit 
or  equal  resistance. 

Oarge        -  =  Q 

FOBMVhX, 

Current 

I-" 

Potential     QxB  =  E 

Electromotive  force    C  X  B  =  E 

Beeietance    |=£ 

Besistanoe 

§=« 

forms  a  connection  to  the  space  and  the  medinm  occupying  it; 
therefore  the  expression  is  often  qualified  by  the  statement, 
*'  provided  it  is  at  a  considerable  distance  from  surrounding 
surfaces."  Beaders  who  have  comprehended  preceding  explana- 
tions will  understand  that  a  sphere  has  no  capacity  at  all, 
considered  by  itself^  and  that  any  statements  referring  to  the 
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capacities  of  single  snrfaoes  are  merely  artificial  processes  of 
cafculation,  not  expressions  of  natural  facts. 

Capacity  is  meatured  by  the  electric  quantity  necessary  to  raise 
the  charge  to  unit  potential. 

(a)  Spheres,  A  sphere  of  one  centimetre  radius  is  taken  as 
the  unit  of  capacity  in  the  oentimetre-gramme-second  system  of 
measurement. 

Capacity  of  spheres  varies  as  their  radii. 

A  charge  on  a  sphere  acts  externally  as  thongh  it  were  located 
at  the  centre  of  the  sphere.    See  §  90. 

(&)  Concentric  spheres  have  a  capacity  dependent  on  the  rela- 

r  X  ^ 
tive  radii  r,  measnred  by  the  formula  -. in  which  r*  is  the 

enter  sphere.  The  rationale  of  this  formula  is  that  it  represents 
the  capacity  due  to  the  product  of  the  two  radii,  and  inversely 
to  the  thickness  of  the  dielectric,  which  is  the  difference  of  the 
radii.  Now,  if  the  inner  sphere  is  a  small  baU,  while  the  outer 
is  represented  by  distant  surfaces,  a  moderate  increase  of  the 
radius  of  the  ball  does  not  much  affect  the  thickness,  or  distance, 
so  that  the  capacity  varies  nearly  as  the  radius  of  the  ball  as  in 
case  (a) ;  if  the  two  spheres  are  very  close,  their  radii  only 
affect  the  formulae  by  the  corresponding  surfaces,  and  the 
principal  element  is  the  thickness  of  the  dielectric,  and  the 
result  is  the  same  as  in  (c)  and  (e). 

The  actual  capacity  in  any  given  case  is  ascertained  by 
multiplying  the  result  by  the  specific  inductive  capacity  of  the 
dielectric  inclosed  between  the  two  spheres. 

(c)  Concentric  cylinders^  such  as  Leyden  jars,  or  submarine 

cables,  have  a  capacity  dependent  upon  their  length  and  their 

diameters  ;  that  is  to  say,  really  upon  the  efficient  thickness  of 

the  inclosed  dielectric,  and  also  upon  the  sp.  ind.  cap.    The 

hi. 
formula  is  E  =  , f.  in  which  K  is  the  inductive  capacity; 

k  the  sp.  ind.  cap.  of  the  dielectric ;  I  the  length ;  D  the  outer 
diameter,  and  d  the  inner.  The  same  formica  furnishes  the 
current-giving  power  of  cylindrical  batteries,  because  the  log- 
arithmic ratio  of  the  cylinaers  expresses  the  internal  resistance. 

o 

(d)  Tot  pairs  of  plates  of  any  form  the  formula  is  K  s  ib • 

^ir  t 

It  will  be  instructive  to  comprehend  the  part  played  here  by 
4ir.  (ir  being  used  in  all  formul©  for  the  circumference  ratio 
3*14159.)  In  the  case  of  a  sphere  the  constant  ratio  of  the 
force  to  the  surface  density  is  4  tt,  and  this  is  connected  to  the 
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relation  of  the  snrfaoe  of  a  sphere  to  its  radios,  which  u 
47r  X  f^;  that  is  four  times  the  circumferenoe  ratio,  multiplied 
by  the  square  of  the  radius.  Now  flat  plates  may  be  cod- 
sidered  as  parts  of  the  surfaces  of  very  large  spheres,  and  the 
formula  is  derived  from  this  artificial  representation,  combined 
with  the  treating  the  two  charges  as  acting  from  the  centre  of 
the  imaginary  sphere. 

(e)  The  formula  can,  therefore,  be  simplified  by  paamn^ 
from  abstract  mathematical  conceptions  to  practical  conditioDfl, 
by  using  unit  dimensions  and  values.  If  we  take  one  square 
foot  as  unit  of  surface,  and  one  mil  as  unit  of  thickness,  using 
the  sp.  ind.  cap.  of  plates  of  those  dimensions,  the   formula 

becomes  K  =  ib  —  i  cmd  furnishes  the  capacity  in  micro£uBdfl ; 

h  in  this  case  is  the  unit  value  in  Table  I.  p.  8i .  In  this  case  i, 
the  thickness  of  the  dielectric,  represents  the  infinitesimal 
difference  between  the  two  imaginary  radii,  and  therefore  the 
charge  is  inversely  as  the  thickness,  although  the  forces  to 
which  it  is  attributed  vary  as  the  squares  of  the  distances, 
reckoned  from  this  ideal  centre, 

94.  DiELBCTBiGS. — All  substanccB  possess  two  properties  in 
relation  to  electricity;  all  conduct  electricity,  but  with  very 
different  facility :  all  offer  a  degree  of  resistance  to  transmission, 
and  undergo  a  certain  molecular  stress:  resistance  and  this 
susceptibility  to  stress  are  not  identical,  nor  even  proportionate, 
yet  they  have  some  relation  to  each  other;  substances  which 
undergo  stress  and  retain  the  strained  condition  when  the 
generating  force  is  withdrawn  are  called  dielectrics,  and  the 
faeu^ulty  of  receiviug  this  stress  is  called  inductive  eaj^acity.  See 
§  IQ,  p.  i^. 

(a)  Indwtive  Capacity  or  electrostatic  capacity  is  measured  in 
"microfarads,"  and  specific  inductive  capacity  is  the  degree  of 
this  property  possessed  by  specified  or  unit  dimensions  of  each 
particular  substance.  Inductive  capacity  varies  with  tempera- 
ture, and  is  generally  reduced  by  heating.  It  is  connected  also 
with  the  relation  of  substances  to  light,  for  the  ^ecrfk  inductive 
capacity  of  substances  is  as  the  square  of  their  refractive  index. 

(&)  Resistance  of  dielectrics  follows  the  same  laws  as  in  con- 
ductors ;  it  varies  as  the  thickness  and  inversely  as  the  area  ; 
each  substance  has  its  own  specific  resistance,  but  in  dielectrics 
it  varies  inversely  as  temperature ;  it  is  measured  in  m^ohms 
(million  of  ohms)  on  account  of  its  magnitude,  as  compared  with 
that  of  conductors. 

Guttapercha  is  usually  measured  at  75°  Fahr.  as  unity,  and 
its  speciflo  resistance  may  become  (according  to   Willoughby 
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Smith)  23  * 6  at  32°,  and  be  lowered  to  '2233  at  icx)" ;  but  other 
values  are  alao  given,  and  no  doubt  much  depends  upon  its 
puritj^.     The  resistance  of  i  mil-foot  is  1066  megohms. 

Indiambber  varies  in  the  same  manner,  but  to  only  about 
one-tenth  the  amount;  and  the  resistance  of  both  increases 
with  pressure.  Its  resistance  for  i  mil-foot  is  20,770  meg- 
ohms. 

(c)  The  product  of  the  resistance  in  megohms,  and  the 
capacity  in  microfarads,  of  any  dielectric,  is  a  constant  value  at 
the  same  temperature,  irrespective  of  dimensions  or  form. 

Si)  Dielectrics  have  each  a  specific  breaking  strain,  or  power  of 
uranoe  (see  §  83);  when  the  ''stress"  exceeds  this,  the 
dielectric  breaks  down,  and  discharge  occurs.  Even  thick 
glass  may  be  pierced  when  a  powerful  charge  is  concentrated 
upon  a  small  area  by  means  of  pointed  conductors ;  such  breaks 
assume  a  zigzag  line,  following  the  points  which  offer  least 
resistance,  or  which  have  least  capacity  for  stress,  and  the  dis- 
charge may  break  off  into  several  lines. 

(e)  The  act  of  charge  alters  the  dimensions  of  the  dielectric. 
If  a  glass  tube  is  fiU^  with  water,  and  a  spark  led  into  it  by 
conductors,  the  water  acts  momentaiily  as  a  dielectric,  and  the 
act  of  discharge  shatters  the  glass  to  pieces.  The  expansions 
and  contractions  which  occur  in  a  condenser  are  such  as  to 
enable  audible  sounds  to  be  produced  as  in  a  telephone.  When 
a  transparent  dielectric  receives  a  charge  it  is  found  that  the 
arrangement  of  its  molecules  is  altered,  so  that  it  acts  differently 
with  polarized  light,  just  as  is  the  case  when  the  magnetic  field 
is  formed  in  a  transparent  substance,  and  the  degree  of  change 
produced  is  proportional  to  the  square  of  the  electric  force. 

(/)  When  a  current  is  passed  into  a  dielectric,  there  is  at  first 
a  sudden  rush,  and  then  a  slow,  continuous  flow,  due  to  two 
causes. 

1.  Leakage,  as  it  may  be  called,  which  is  the  true  current, 
due  to  the  actual  conducting  power  of  the  substance,  or  to  any 
accidental  defects,  such  as  the  cracks  in  the  guttapercha  covering 
a  wire, 

2.  iSoakage,  The  dielectric  appears  to  continually  absorb  the 
electricity,  as  though  the  condition  of  stress  were  at  first  pro- 
duced in  only  the  nearest  and  most  yielding  portions,  and  then 
it  appears  to  be  gradually  developed  throughout  the  mass. 
Hence,  the  inductive  capacity  of  any  dielectric  will  be  found  to 
be  different,  according  to  whether  it  is  taken  for  a  merely 
taomentary  charge,  the  value  of  the  first  rush,  or  after  a  pro- 
longed electrification.  For  most  purposes,  it  is  the  first  of  these 
which  is  of  most  importance. 
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(g)  When  a  condenser  is  discharged,  a  corresponding  current 
is  produced  ;  first  a  rash,  then  a  slow,  continuous  current, 
which  is  the  "  soakage  "  coming  out. 

(h)  It  is  possible  even  to  send  in  successiye  reversed  charges, 
which  will  follow  each  other  into  the  mass  of  the  dielectric^  and 
will  return  as  currents  of  alternate  direction.  This,  also,  oocun 
in  long  cables,  into  which  successive  +  and  —  impulses  may 
follow  each  other,  stnd  appear  as  signals  at  the  distant  end. 

(t)  BesiducU  charge  is  a  result  of  this  action.  On  discharging 
a  jar  or  condenser,  the  principal  portion  of  the  charge — that 
which  is  due  to  the  first  rush  in  charging — ^is  instantaneouslj 
given  up;  that  which  would  maintain  the  small  current 
gradually  distributes  itself  over  the  mass  of  the  substance, 
and  after  a  time  a  fresh  discharge  can  be  obtained,  or  several 
successive  ones,  each  fainter  than  the  preceding  one.  This 
residual  charge  affords  evidence  of  the  state  of  stress  existing 
in  the  substance :  if  it  is  allowed  to  escape  as  a  very  small 
current  through  large  resistance  and  a  reflecting  galvanometer, 
the  spot  of  light  returns  slowly  towards  zero  as  the  charge  is 
given  up :  but  if  the  Leyden  jar  be  tapped,  it  flashes  across  the 
scale,  owing  to  the  sudden  discharge.  This  action  is  exactly 
what  occurs  with  a  strained  bar  or  spring. 

(k)  For  use  in  condensers,  the  most  useful  dielectric  is  one 
possessing  high  resistance  and  high  capacity.  For  telegraph 
cables,  high  resistance  and  low  capacity  are  desirable,  because 
the  stored  charges  effected  at  each  passage  of  current  are  the 
cause  of  "  retardation,"  and  limit  the  working  power  or  rate  of 
signalling. 

For  information  as  to  the  properties  of  particular  dielectrics 
see  also  §  97. 

95.  Eetabdation. — When  a  conductor  and  a  dielectric  con- 
stitute derived  circuits  to  each  other,  the  ordinary  laws  of  con- 
duction are  modified  by  a  principle  which  distributes  electricity 
on  all  the  paths  open  to  it :  if  the  two  poles  of  a  battery  are 
connected  to  the  faces  of  a  condenser  having  a  resistance  of 
many  megohms,  and  also  to  a  closed  wire  circuit  of  only  a  few 
ohms  resistance,  the  current  will  only  flow  in  the  latter  in  the 
same  proportion  as  the  condenser  is  charged,  and  the  discharge 
of  the  condenser  at  a  break  of  circuit  acts  a  counter  EMF, 
resisting  current  on  fresh  make  of  circuit.  When  the  condenser 
is  charged,  it  no  longer  affects  the  wire  circuit.  This  is  what 
happens  in  a  cable ;  the  charge  of  the  dielectric  must  precede 
the  transmission  of  current,  and  the  actual  current  transmitted 
is  a  rising  one,  due  not  to  the  electromotive  force  of  the  battery, 
but  corresponding  at  each  fraction  of  time  to  the  potential  to 
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whioh  the  condenser  has  received  its  charge :  as  a  consequence, 
the  fall  power  needed  to  affect  instruments  is  only  graduallj 
reached. 

96.  Specifjc  Inductive  Gapagitt. — ^This  is  the  relative  capacity 
of  each  substiince  compared  to  that  of  air  in  the  same  dimen- 
sions, dry  air  being  taken  for  the  standard,  as  water  is  taken 
for  the  standard  of  specific  gravity.  Faraday  took  np  the 
snbject  in  his  practical  way,  using  a  condenser  composed  of 
one  sphere  inclosed  in  another,  and  with  a  tube-stem  provided 
with  a  stop-cock  bv  which  the  dielectric  could  be  exchanged. 
The  instrnment  is  identical  in  principle  with  Fig.  26,  p.  73.  He 
employed  two  such  pairs  of  spneres  of  the  same  size,  one  con- 
taining air  and  the  other  the  dielectric  to  be  compared,  and 
charging  both  together  from  the  same  source,  he  measured  the 
*'  quantity  "  absorbed  by  each,  which,  of  course,  gives  the  rela- 
tive capacity ;  this  was  also  accomplii^ed  by  an  indirect  method 
— ^by  diarging  one,  then  dividing  its  charge  with  the  other, 
and  ascertaining  the  reduction  of  potential  resulting  from  the 
division  of  the  charge.    Other  experimenters  have  used  flat 
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plates  of  measoied  distanoe,  and  availed  themselves  of  the 
delicate  modem,  electrometers ;  but  the  real  valnes  are  even  yet 
very  uncertain.  A  full  account  of  the  determinations  as  jet 
published  will  be  found  in  Gordon's  '  Treatise  on  Electridtj 
and  Magnetism.'  Specific  inductive  ca^>acity  is  frequently  ex- 
pressed as  that  of  a  cube,  but  for  practical  comprehension,  the 
most  convenient  form  is  thin  plates  as  given  in  Table  L,  ia 
which  I  have  collected  the  most  reliable  and  useful  partioulais. 
The  value  k  can  be  calculated  for  any  substance  by  multiplying 
that  of  air  0*0323  by  the  sp.  ind.  cap.  of  the  substance. 

97.  Insulating  Materials. — The  following  are  some  of  the 
substances  most  useful  in  constructing  apparatus : — 

(a)  AshestUe  is  a  compound  of  asbestos  and  hydrocarbon, 
wnich  is  capable  of  bein^  moulded  into  cells,  &c.,  and  can  be 
worked  in  uie  lathe ;  it  is  not  possessed  of  great  mechanical 
strength,  but  can  be  used  for  stimds,  &c. ;  its  surface  does  not 
appear  to  precipitate  moisture,  and  resists  the  creeping  of  salts 
which  is  so  troublesome  in  battery  and  other  cells. 

(b)  Ebonite  has  powerful  insulating  and  dielectric  properties, 
but  air  and  especially  ozone  react  on  the  sulphur,  and  render 
its  surface  conducting,  §  46.  When  warmed  it  softens,  and  can 
be  bent  into  any  form,  which  it  retains  on  cooling.  It  is  about 
the  strongest  of  all  electric  exciters.  It  has  been  found  to 
transmit  some  of  the  rays  of  light  and  heat,  and  has  been 
utilized  in  some  of  the  remarkable  experiments  in  radiophony 
which  will  be  described  farther  on. 

(e)  Olaas  varies  greatly  in  its  properties,  see  §  ^6.  Crystal, 
containing  much  l^etd,  is  a  bad  insulator,  and  all  kinds  conduct 
when  heated.  For  most  electrical  uses  the  German  glass  is 
superior  to  English,  see  §  23. 

(d)  QviUxpercha  is  used  in  very  thin  sheet  for  condensers  and 
in  coils,  but  paraffined  paper  replaces  it :  its  porosity  and  absorp- 
tion of  water  are  great  defects  for  general  uses.  As  an  insulator 
for  wire  it  fails  when  exposed  to  air,  because  it  oxidizes  and 
becomes  brittle ;  but  when  it  is  entirely  under  water  it  improves 
and  appears  practically  indestructible. 

(e)  tnmUte  is  a  new  material  prepared  from  wood,  cotton 
waste,  and  other  forms  of  cellulose,  m^ch  is  said  to  be  a  good 
non-conductor  and  impervious  to  moisture  and  acids,  and  which 
being  capable  of  moulding  into  any  desired  forms,  will  prove 
cheaper  and  more  durable  than  guttapercha  and  ebonite. 

(/)  Ozokerit  is  a  mineral  substance,  which  by  distillation 
yields  a  material  closely  resembling  paraffin,  and  a  pitchy 
residue,  which  is  largely  used  for  insulating  wires,  by  satu- 
rating the  cotton  covering.    Its  inductive  capacity  appears  to 
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be  slightly  greater  than  that  of  gnttaperoha,  but  its  insulating 
power  is  nearly  tenfold,  a  matter  of  great  moment  in  oonductors 
for  the  transmission  of  currents  under  high  electromotive 
force. 

(g)  Paraffin  is  a  most  valuable  substance:  recently  melted 

into  a  block,  it  makes  an  excellent  insulating  stand;  but  it 

becomes  permeated  with  minute  cracks  which  ultimately  allow 

moisture  to  penetrate.    Its  use  in  saturating  wood  and  paper  is 

described  §  22,  p.  1 8.    It  is  also  useful  in  batteries  to  resist  the 

action  of  acids.    If  the  stopper  and  neck  of  bottles  are  warmed, 

and  a  piece  of  paraffin  allowed  to  melt  upon  them  and  rubbed 

in,  the  stoppers  will  not  set  fast,  and  they  make  the  bottle 

perfectly  tight ;  also  the  labels  may  be  protected  by  warming 

over  a  Bunsen  burner,  or  spirit  lamp,  sufficiently  to  melt  and 

absorb  paraffin.    When  solid,  this  is  one  of  the  bdst  insulators, 

but  its  resistance  lowers  with  warmth,  and  very  much  so  when 

melted.     If  two  silk-covered  wires  are  wound  side  by  side  on  a 

reel,  one  end  connected  to  a  battery,  and  the  other  to  a  delicate 

galvanometor  also  connected  to  the  battery,  the  other  two  ends 

being  kept  apart,  current  will  be  found  to  pass  through  the 

sUk ;  if  the  reel  is  now  baked  carefully,  much  less  current  will 

pass  as  the  silk  is  dry :  if  the  reel  is  now  soaked  with  melted 

paraffin,  a  considerable  current  will  pass,  diminishing  as  the 

reel  cools,  and  ultimately  becoming  inappreciable. 

Paraffin  forms  a  sulphur  compound  by  displacement  of 
hydrogen ;  this  is  a  convenient  mode  of  obtaining  small  quan- 
tities of  sulphuretted  hydrogen  which  is  given  off  when  paraffin 
and  sulphur  are  melted  together  in  a  test-tube.  The  residue  is 
a  hard  red  substance  which  would  probably  prove  useful  for 
electrical  purposes. 

(^)  SheUae  is  chiefly  used  as  a  varnish  dissolved  in  spirit  or 
mixed  with  resin  and  beeswax  as  a  cement  for  closing  vessels  or 
uniting  glass  and  metal.  It  is  a  conductor  as  long  as  it  remains 
liquid. 

(t)  Vvlcamxed  Fibre, — This  serves  as  an  advantageous  sub- 
stitute for  ebonite  for  many  purposes,  such  as  stends,  tubes,  and 
washers ;  it  is  much  stronger,  and  does  not  soften  with  heat, 
HOT  is  it  an  electric. 

^8.  DiscHABGE. — So-called  stetic  electricity,  which  means  in 
this  aspect,  electricity  of  great  potential  and  tension  operating 
across  highly  resisting  m^a,  develops  a  current  of  very  short 
duration  analogous  to  the  bursting  of  a  dam  in  the  case  of 
water.  The  various  forms  of  lightning  are  natural  instances 
of  this  disruptive  discharge.  The  action  may  be  considered 
u  due  to  the  independent  action  of  the  single  pole,  and  this 
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I  neoessarilj  the  earliest  opinion,  and  is  also  the  basis  of  the 
mathematical  treatment :  this  doctrine  would  involve  unipolar 
dMcharge^  §  i  lO.  On  the  other  hand  we  may  consider  discharge 
as  perfectly  analogous  to  electric  currents,  and  as  due  to  the 
combined  action  of  the  two  poles,  and  impossible  to  be  produced 
by  one  alone.  But  there  is  certainly  a  difference  in  the  action 
of  the  two  poles  or  so  called  electricities :  if  a  dischai^  be 
passed  through  a  card  by  pasting  upon  its  two  sides  pointed 
pieces  of  tinfoil  with  their  points  not  quite  opposite,  there  ¥nll 
be  a  burr  produced  on  both  sides,  indicating  that  the  force  is 
not  a  penetrating  but  a  pulling  one,  acting  by  attraction  from 
each  pole ;  but  uie  hole  will  be  mu<^  nearer  the  —  or  negative 
pole. 

But  the  principal  evidence  of  this  difference  is  found  in  the 
appearance  of  the  discharge  itself;  thus  the  positive  pole  tends 
to  produce  a  brush  discharge,  apparently  spreading,  while  the 
negative  tends  to  a  bright  concentrated  star  form.  The  effect 
is  shown  in  Fig.  27. 

Fio.  27. 


The  appearance  is  modified  by  circumstances,  such  as  size  of 
the  terminals,  and  their  form  as  balls  or  points,  and  the 
consequent  relative  densities,  and  lines  of  force,  but  still  the 
direction  of  the  passage  produces  different  effects.  A  brush  will 
be  produced  at  the  extremity  of  a  wire  if  rounded  off,  in  both 
cases,  but  the  negative  brush  is  much  less  defined  than  the 
positive.  So  with  the  star:  if  a  pointed  wire  be  approached 
to  a  large  ball,  a  star  forms  on  the  point  in  both  cases,  because 
it  concentrates  the  molecular  action ;  but  if  the  ball  be  +,the 
star  continues  till  the  point  is  close  to  it,  only  becoming  brighter ; 
but  if  the  ball  be  — ,  as  the  point  approaches,  the  star  turns  to 
a  brush,  see  §  57. 

99.  One  feature  of  electric  discharge  is,  however,  important 
to  notice,  because  it  is  intimately  connected  with  the  theory  of 
electricity ;  it  is  always  attended  with  either  mechanical  motion 
or  molecular  disturbance.  Thus  as  a  general  rule,  when  the 
discharge  is  occurring  there  is  a  stream  of  air  horn  the  dis- 

Digitized  by  VjOOQIC 


lOl.]  8PABK  DISOHABOl.  85 

charging  points.  This  is  shown  in  many  electrical  toys,  such 
as  the  whirl,  §  83.  In  other  cases  the  molecular  cohesion  of 
the  substances  traversed  by  the  charge  is  destroyed,  as  in  the 
pierced  card  and  the  broken  glass  of  an  over-charged  Leyden 
jar,  §  94  (d).  These  effects  are  similar  to  those  of  lightning; 
thus,  if  a  piece  of  wood  have  two  wires  inserted  in  it  so  that 
the  points  approach,  but  are  separated  by  a  stratum  of  wood,  a 
strong  charge  passed  will  shatter  the  wood  to  pieces. 

100.  Further  study  of  the  electric  spark  will  also  show  us 
that  a  molecular  decomposition  of  the  discharging  surface 
occurs,  and  an  actual  combination  of  its  materials  is  produced 
like  the  actions  displayed  in  electrolysis.  If  two  pieces  of  gold- 
leaf  or  tinfoil  be  placed  on  paper  with  the  ends  slightly 
separated  and  firmly  pressed  between  two  non-conducting 
surfaces  so  as  to  limit  the  direction  of  discharge,  it  will  be 
found  that  the  metal  is  detached  and  spread  in  minute  particles 
over  the  intervaL  So  in  the  electric  light  a  constant  stream  of 
molecules  of  carbon  is  detached  from  one  pole  and  carried  to  the 
other,  the  interval  being  filled  with  carbon  in  the  state  of 
vapour  or  gas  or  absolute  molecular  division — which  is,  by-the- 
bye,  the  only  case  in  which  pure  carbon  gas  is  known  to  be 
produced. 

Again,  the  colour  of  the  spark  is  modified  by  the  nature  of 
the  sur&ce  giving  it,  each  metal  imparting  its  own  colour ;  and 
if  the  spark  is  examined  by  the  spectroscope  we  find  evidence 
that  it  IS  not  electricity  itself  passing  in  a  visible  form,  as  is 
occasionally  suggested  by  those  who  believe  in  the  actual 
existence  of  electricity  as  a  quasi-material  substance  or  fluid. 
The  spectrum  consists  of  bright  bands  varying  in  their 
character  at  different  parts  of  the  space  across  which  the  spark 
passes ;  close  to  the  electrodes  these  bands  are  those  belonging 
to  the  metal  of  the  conductor ;  these  weaken  and  disappear  as 
the  distance  increases,  and  are  replaced  by  those  of  air  or  other 
gas  in  which  the  discharge  occurs,  mingled  with  others  due  to 
the  particles  of  matter  floating  in  the  air :  the  spark  consists 
therefore  of  the  matter  wMch  it  traverses  and  renders 
incandescent. 

loi.  The  length  of  spark  depends  on  the  difference  of  potential 
between  the  discharging  balls :  but  not  according  to  a  definite 
ascertained  law,  as  in  the  case  of  currents ;  that  is,  the  distance 
is  not  in  the  ratio  of  the  potential  The  fullest  information  we 
have  on  this  subject  is  derived  from  careful  experiments  by 
Mr.  Warren  de  la  Bue  with  a  battery  of  14,400  chloride  of 
silver  cells,  which  are  described  in  a  paper  read  to  the  Boyal 
Institution  and  reprinted  in  the  Eledrieian,   vol.  ix.    p.  77. 
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With  I  i,ooo  cells  or  a  potential  of  volts  11,330  a  spark  of  0*62 
inch  was  obtained  between  points,  and  below  that  foroe  it  was 
fotind  that  length  of  spark  varied  as  the  square  of  the  potential 
(which  is  as  the  force,  §  74).  But  with  discs  and  other  forms  of 
electrode  this  relation  does  not  hold.  Upon  these  data  it  would 
require  a  potential  of  volts  3,6o4,cxx)  to  produce  a  lightning 
flash  of  I  mile  in  length. 

102.  Diminished  preamre  of  air  lengthens  the  spark  in  the 
inverse  ratio  of  pressure :  but  Sir  W.  Thomson  and  Mr.  Gordon 
find  this  holds  only  down  to  a  pressure  of  1 1  inches  of  mercniy. 
That  is  to  say  that  '*  greater  E  M  F  per  unit  length  of  air  is 
required  to  produce  a  spark  at  short  distances  than  at  long," 
or  according  to  Mr.  Gordon,  "  at  low  pressures  than  at  high." 
Both  observers  say  that  '*  it  is  difficult  even  to  conjecture  an 
explanation."  However  I  will  venture  a  suggestion.  Probably 
the  particles  of  air  are  attracted  to  the  two  balls  and  held  there 
in  denser  strata ;  certainly  the  lines  of  force  concentrate  npon 
the  balls :  the  greater  the  distance  apart  the  less  effect  this 
concentration  must  have  on  the  total  resistance,  and  therefore 
this  may  be  expected  to  form  a  curve  dependent  upon  the  ratio 
the  denser  portion  of  the  field  bears  to  the  total  length  of  the 
field  of  force  and  line  of  discharge. 

At  a  pressure  of  about  15  inches  the  spark  discharge  tends 
to  pass  into  a  brush  which  fills  the  tube :  and  as  the  pressure 
diminishes  the  phenomena  to  be  observed  in  ''  vacuum  "  tnbes 
are  developed,  while  the  colonr  of  the  light  and  especially  the 
spectrum  it  generates,  are  those  of  the  gas  contained  in  the 
tube. 

103.  DuRA^TiON  OF  Spabk. — In  1834  Wheatstone  employed  an 
ingenious  apparatus  (on  the  same  principle  as  one  of  the  modes 
for  measuring  the  velocity  of  ught)  to  measure  the  time 
occupied  bv  an  electric  discharge,  and  also  what  he  supposed 
was  the  velocity  of  electricity.  The  principle  is  susceptible  of 
many  mdefol  applications.  If  an  object  is  seen  reflected  in  a 
mirror  it  is  seen  in  its  true  proportions,  i.e.  a  point  of  light  will 
be  seen  as  a  point  thus  •  If  the  mirror  is  so  mounted  that 
it  can  be  moved  rapidly  on  an  axis,  this  point  will  be  seen  in 

the  mirror  as  a  line  thus .    But  if  the  point  of  light  has 

an  existence  so  momentary  as  to  answer  the  mathematical 
definition  of  a  point  no  velocity  of  motion  will  change  its 
reflection  from  •  to  — ,  and  any  such  prolongation  will  be 
proportionate  to  the  actual  duration  of  the  light  itself,  and 
therefore  such  duration  will  be  calculable  from  the  angular 
motion  of  the  mirror  while  the  —  is  visible.  By  this  means 
it  was  ascertained  that  the  duration  of  the  actual  discharge  of  a 
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Leyden  jar  was  i -24,000th  of  a  seoond :  it  wonld  seem  however 
that  this  time  must  yary  with  the  quantity  of  electricity  and 
the  conditions  of  discharge. 

104.  YsLoaTY   OF   ELHCTRicmr. — The   same  apparatus   was 
applied  to  measure  the  rate  at  which  electricity  traversed  a 
conductor  ;  a  series  of  balls  were  arranged  upon  a  spark  board ; 
that  is  upon  a  disc  in  the  same  plane  as  the  axis  of  thd  mirror, 
so  as  to  form  three  spaces  of  i-ioth  inch  across  which  sparks 
would  pass  (*  *  *)  after  traversing  fixed  lengths  of  wire,  the 
arrangement  being  such  that  the  sparks  i  and  3  represented 
the  ends   of  the  circuit  and  the   spark  2  its  middle.     The 
manner  in  which  the  sparks  are  drawn  out  would  show  the 
time  occupied  in  transmission.    From  the  result  it  was  con- 
cluded that  the  velocity  of  electricity  was  288,000  miles  per 
second.     This  deduction  was  erroneous  and  all  sorts  of  velo- 
cities have  been  found ;  no  measure  can  be  made,  because  of  the 
"retardation"  caused  by  the  induction   effects,    §95.    It  is 
known  now  that  if  the  velocity  were  measured  in  ^is  manner 
in  a  mile  of  wire  stretched  in  one  length  and  back  again  and 
then  in  the  same  wire  wound  in  one  length  upon  a  reel  very 
different  values  would  be  found,  and  different  values  if  the  reel 
were  of  large  and  small  diameters. 

From  the  various  relations  of  electricity  and  light  it  is 
however  nearly  certain  that  the  true  velocity  independent  of 
inductive  retardation  is  the  same  as  that  of  Hght,  viz.  about 
185,000  miles  per  second. 

105.  Dual  Nature  of  Eleotrioitt. — ^If  the  electric  current 
were  instaneously  developed  in  the  whole  circuit,  the  appearance 
of  the  three  sparks  in  the  rotating  mirror,  §  loj,  would  be  either 

:  or  ^S  according  to  the  period  of  their  existence.  If 
electric  transmission  resembled  a  current  of  water,  and  starting 
from  one  end  of  the  conductor  flowed  to  the  other,  passing 
Buooessivelv  at  each  opening,  the  appearance  would  be  "^^ 
But  this  IS  not  the  case ;  the  appearance  is  either  ZS-  or 
-^^  according  to  the  direction  of  rotation  of  the  mirror. 
This  admits  of  only  one  explanation :  ^  eleeirie  current  U 
generated  equally  at  each  end  of  the  condactor  and  flows  to  the  middle. 
The  workuig  of  long  telegraph  cables  shows  that  momentary 
electric  impulses  are  of  the  nature  of  a  wave  of  influence,  such 
as  may  be  produced  by  a  shake  on  a  rope ;  the  wave  travels 
onwards  b^  virtue  of  the  energy  imparted:  in  cables  such 
successive  impulses  can  be  so  sent  as  to  follow  each  other,  even 
though  of  reverse  directions,  each  travelling  independently 
along  the  cable  and  appearing  successively  at  the  distant  end, 
resembling  the  action  of  dielectrics,  §  94  (A). 
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An  examination  of  Fig.  1 3,  p.  34,  will  explain  the  nature  of 
the  electric  impulse.  We  may  consider  the  middle  line  of  the 
molecule  a  as  being  the  locus  or  point  of  origin  of  the  electro- 
motive force ;  it  wonld  be  the  snrfaoe  of  contact  of  a  friction 
apparatus  or  the  face  of  the  zinc  plate  of  a  galvanic  battery, 
the  point  at  which  energy  is  transformed  into  electric  force. 
The  polarized  molecules  at  once  exert  their  inductive  power  in 
each  direcHony  each  acting  through  all  the  lines  open  to  it  and 
necessarily  passing  into  those  of  least  resistance,  where  the 
conditions  of  neutndization  consist  in  closing  what  in  chemistry 
would  be  the  open  attractions  ^§  9,  Figs.  4  and  ^)  by  which  the 
molecules  are  constituted.  It  is  from  this  starting-point  in  &ct 
that  the  two  treatments  or  conceptions  of  the  nature  of 
electricity  diverge. 

106.  Polar  Actions. — All  the  known  facts  of  electricity 
show  that  it  is  a  dual  action.  All  the  theories — the  two-fluid, 
the  single  fluid  -|-  and  — ,  or  the  molecular  theory,  which 
considers  the  two  electricities,  or  rather  electrifications,  as 
merely  the  two  sides  or  ends  of  polarized  matter — agree  in  this. 
But  the  mathematical  treatment  is  based  upon  single  and 
independent  actions ;  this  is  the  meaning  of  that  theory  of  the 

Fia.  28. 


earth's  action,  either  in  the  generation  of  electricity,  in  induc- 
tion, or  as  return  conductor,  which  regards  the  earth  as  a 
reservoir  and  sink,  from  which  we  can  draw  or  into  which  we 
can  discharge  either  +  or  —  electricity  separately  or  inde- 
pendently, even  though  in  equal  quantities  at  different  parts, 
and  some  experimenters  have  sought  to  prove  the  existence  of 
unipolar  actions  such  as  accord  with  this  treatment,  §110.  In  Fig. 
28  we  have  the  picture  of  such  supposed  actions.  The  inde- 
pendent pole  -|-,  acting  as  a  radiant  point,  induces  polar  order  in 
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all  BtuTomidiiig  matter.    In  sticli  an  action  it  is  clear  that  each 

circle  will  be  an  equi-poteniial  Une^  with  no  tendency  to  side 

actions,  that  is,  not  from  any  reality  in  the  potential  conception, 

but  simply  becanse  the  force  is  radia]  only,  and  every  particle  of 

matter  takes  tip  what  force  its  position  presents  to  it.      Every 

snch  circle  will  have  eqnal  force  acting  from  it,  also  radially, 

and,  therefore,  the  force  at  each  point  of  each  circle  will  be 

inversely  as  the  sqnare  of  its  distance  from  the  centre.    That  is 

to  say,  the  tension  on  each  molecnle  in  the  lines  of  the  field  of 

force  thus  generated  will  diminish  as  the  square  of  its  distance. 

107.  Now,  we  have  a  perfect  physical  analogue  of  this.    Let 

a  level  plane  surface  receive  a  supply  of  water  at  its  centre, 

and  it  will  flow  outwards  in  all  diroctions  in  this  exact  manner, 

and  its  distribution  upon  and  velocity  of  flow  will  be  identical 

with  the  conditions  of  Fig.  28,  in  which  I  have  endeavoured  to 

represent  the    fetcts  by  the  diminished  size  and  increasing 

number  of  molecules  as  the  distance  increases. 

If  we  now  conceive  of  some  condition  which  puts  this  plane 
Burfftoe  out  of  level,  the  flow  of  water  will  at  once  be  altered 
into  an  elliptic  system,  narrowing  the  more  as  the  inclination  in- 
creases. If  we  conceive  the  plane  as  perfectly  balanced  on  its  cen- 
tre, any  cause  which  induces  the  water  to  tend,  however  slightly, 
raUier  in  one  direction,  will  at  once  cause  the  plane  to  cant 
over,  and  direct  the  line  of  flow  more  and  more  in  this  direction. 
Just  such  an  influence  we  have  in  electricity.  The  second 
radial  eifHem  —  is  alteays  somewhere  ;  it  may  be  conceived  as  a 
second  system  similar  to  Fig.  28,  but  with  the  direction  of  the 
arrows,  representing  the  lines  of  force,  towards  instead  of  from 
the  centre,  and  the  molecular  order  reversed  as  regards  the  — 
pole. 

108.  Therefore  the  circles  of  these  two  fields  must  ultimately 

meet,  and  then  the  lines  of  force  will  attract  each  other  with  an 

effect  similar  to  that  of  tilting  the  water  plane,  that  is,  they 

convert  the  two  supposed  independent  radial  points  into  the 

foci  of  an  ellipse,  and  the  imaginary  radial  lines  into  the  curved 

lines  of  a  closed  field  of  force.    I  have  endeavoured  to  show  this 

action  in  Fig.  29.    It  is  evident  that  as  soon  as  the  cirdes  of 

influence  cut  each  other  the  molecules  are  subjected  to  the 

influence  of  both  foci,  generating  tension  in  the  same  direction. 

Now,  pictorial  representation  cannot  convey  directly  the  well- 

bown  &ct  that  tne  electric  force  exerts  itself  in  the  direction 

of  moief  copoctiy,  and  this,  as  well  as  the  law  of  inverse  squares, 

will,  therefore,  concentrate  the  action  into  the  space  inclosed  by 

the  arrows. 

This  process  of  induction  occurs  in  the  lines  of  most  capacity, 
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or  reoiprocally,  of  least  refidstanoe,  and,  therefore,  if  there  be  a 
good  oonduotor  in  the  line,  that  beoomes  the  shortest  path,  and 
is  represented  by  the  thick  line  between  -|-  and  —.  Along  this 
line  the  constant  charge  and  discharge,  or  molecular  inter* 

Fig.  29. 


actions,  which  we  call  eurrenty  is  propagated.  But  the  external 
induction  is  maintained  as  a  condition  of  static  stress  or  tension, 
and  constitutes  the  inductive  circuit  around  the  oonduotor, 
taking  a  static  charge  corresponding  to  the  forces  exerted  at 
each  point,  and  the  capacity  of  the  medium. 

1 09.  We  may  therefore  consider  this  inductive  process  as  a 
kind  of  search  for  the  point  of  union,  and  as  preceding  the 
actual  generation  of  what  can  be  truly  called  electricity.  When 
we  remember  that  the  inductive  propagation  has  a  velocity  of 
i85,ocx>  miles  per  second,  §  104,  it  is  easily  understood  that  even 
though  the  circuit  has  to  be  developed  (ba  in  cables^  over  a  path 
of  several  thousand  miles,  the  formation  of  the  oeginning  of 
current,  §  95,  is  instantaneous,  especially  as  the  inductive  circuit 
really  starts  from  two  adjoining  surfaces  and  can  spread,  not  in 
full  circles,  as  in  Fig.  28,  but  in  gradually  advancing  arcs 
similar  to  the  dotted  lines  of  Fig.  11,  p.  27,  which  we  can 
conceive  as  rapidly  running  along  the  cable,  of  which  for  this 
conception  we  can  consider  the  molecules  a  as  representing  the 
conductor  and  those  of  &  as  the  sheath. 

1 10.  Unipolab  Dischabge. — There  have  been  many  instances 
brought  forward  to  prove  that  electric  action  can  occur  from 
one  pole  alone,  but  these  are  aU  equally  consistent  with  the 
dual  explanation:  it  is  however  certain  that  electricity  has 
different  actions  at  and  from  the  two  poles,  which  differences 
are  manifested  in  forms  of  discharge,  in  greater  heat  at  one 
electrode  than  the  other,  and  other  instances  which  will  be  met 
with :  these  differences  are  embodied  in  the  idea  of  a  direction  of 
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electromotive  force,  in  that  of  current,  and  that  of  the  differing 
polarity  of  subetanoes.    One  of  the  best  instances  of  apparent 
unipolar  action  is  contained  in  a  very  interesting  paper  bv 
Messrs.  Spottiswoode  and  Moulton  (PhiL  Trans.,  1879,  p.  165). 
They  connected  one  end  of  two  vacuum  tubes  (constituting 
derived  circuits)  to  the  —  pole  of  the  coil,  and  the  other  ends  to  a 
ball  fixed  at  some  distance  from  the  -f-  pole,  so  that  the  current 
was  more  interrupted  and  shorter  in  duration  (as  due  to  a  spark) 
than  if  coming  direct  from  the  wire  in  a  closed  circuit.    The 
spark  selected  one  tube  rather  than  the  other  for  its  proper 
path,  and  in  the  other  tube  it  only  produced  a  glow  extending 
nalf-way  along  it  in  a  reducing  cone.    Of  this  tube  they  said 
that  the  discharge  in  it  is,  in  fact,  one  which  leaves  the  -f-  pole 
and  enters  the  tube,  but  not  with  sufficient  force  to  pass  through 
it,  and  which  returns  on  itself.    But  there  is  a  simple  explana- 
tion accordant  with  the  universal  facts  of  electricity.    The 
tubes  are  not  quite  equal  in  resistance,  or  some  accidental  cir- 
cumstance in  or  around  them  transforms  the  partial  discharge 
through  one  tube  into  a  circuit  through  and  along  the  glass  of 
the  tube  itself.    The  authors  took  the  trouble  to  prove  this 
without  seeing  it,  for  they  made  a  tube  with  an  intermediary 
electrode  connected  to  one  of  the  end  terminals  and  to  the  -f- 
pole,  the  other  end  going  to  —  pole.     The  circuit  might  be 
expected,  in  this  case,  to  confine  itself  to  the  latter  half  of  the 
tube,  but  actually  two  cones  formed  in  the  other  half,  repre- 
senting opposed  unipolar  discharges.    These  are  evidentlv  a 
double  derived  circuit  closed  on  the  glass  of  the  tube.    This, 
also,  the  authors  proved  without  seeing  it.    Betuming  to  the 
two-tube  experiment,  they  attached  an  external  conductor  to 
the  +  pole,  and  approaching  it  to  the  exterior  of  the  tube,  just 
beyond  the  supposed  unipolar  cone  discharge,  they  drove  it  back 
and  stopped  it.    Obviously,  they  added  an  external  counter 
force  which,  preventing  the  completion  of  the  circuit,  prevented 
also  the  discharge.    The  case  is  precisely  like  getting  a  shock 
from  one  terminal  of  a  coil,  the  circuit  completing  itself  through 
the  partially  conducting  supports.    The    conclusion    of   the 
authors,  that  each  terminal  pours  forth  its  electricity  to  satisfy 
its  own  needs,  and  only  in  a  secondary  degree  to  satisfy  the 
needs  of  the  other  terminal,  must  be  exchanged  for  this  other 
condugion,  according  with  all  the  fetcts  of  electricity,  that  as 
electricity  divides  among  all  the  paths  open  to  it,  each  terminal 
finds  its  circuit  to  the  other,  either  directly  or  indirectly,  by 
conductive  or  by  inductive  processes,  but  that  each  takes  equal 
part  in  every  act  of  discharge^  and  cannot  generate  electrical  dis- 
cbarge untn  it  has  found  a  circuit  imiting  it  to  the  other. 
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CHAPTER  HL 

MAGNETISM. 

III.  The  purpose  of  tliis  chapter  is  not  to  treat  of  zaagnetism 
and  its  phenomena  on  their  own  account,  but  only  to  deal  with 
ihem  so  far  as  they  are  connected  with  or  throw  a  light  upon 
electricity.  Further  information  will  be  found  also  in  the 
chapter  on  Electro-magnetism. 

The  magnetic  property  of  a  natural  substance,  ferrosoferric 
oxide  F3O4  or  Fe  0  +  FogOa,  known  as  the  loadstone,  was  dis- 
oovered  in  early  times  from  its  power  of  attracting  and  adhering 
to  iron.  It  was  afterwards  discovered  that  the  loadstone  im- 
parted its  powers  to  steel,  and  that  masses  of  steel  thus  acquired 
a  variety  of  peculiar  properties  besides  that  of  merely  attracting 
iron. 

The  first  striking  property  is  a  directive  power  by  which  a 
bar  of  magnetized  steel  always  places  itseLf  in  one  position, 
with  one  end  pointing  towards  the  north;  the  next  is  that 
when  two  such  bars  approach  each  other,  two  of  the  ends 
attract  and  two  repel  each  other,  instead  of  displaying  a 
constant  attraction,  as  with  iron. 

1 12.  In  examining  these  properties  we  find  that  the  force,  be 
it  what  it  may,  which  is  acting,  is  concentrated  mainly  at  the 
two  ends  of  the  bar,  towards  which  the  holding  power  on  iron 
is  greatest ;  thus,  if  a  bar  magnet  be  rolled  in  a  mass  of  iron 
filings,  these  will  adhere  to  it  in  the  manner  shown  in  Fig.  30 ; 

Fig.  30. 


so  if  it  is  measured  by  the  actions  on  a  suspended  needle,  the 
force  is  represented  mathematically  by  a  curve  shown  in  Fig.  31 , 
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which  exhibits  half  a  bar  magnet,  and  shows  that  the  point  of 
greatest  force,  or  what  is  called  the  pole,  is  not  at  the  actual 
extremity,  but  a  distance  within,  varying  with  the  length  aaid 
form  of  the  magnet.    These  figures  are  identical  with  those 
which  represent  the  distribution  of  electricity  according  to  the 
laws  discussed  in  §  7 1,  and 
hence  there  was  early  per- 
ceived a  relation  beween 
magnetism  and  electricity, 
and     this     naturally,    m 
times    when    men    never 
hesitated    to    create   any 
power  which  would  serve 
to  explain  a  fact,  led  to 
the    hypothesis    of    two 
magnetic       fluids,       the 
Austral  and  Boreal,  now 
entirely    abandoned,    al-    ^ 
though  their  brethren,  the  electric  fluids,  are  still  cherished  by 
many  philosophers. 

113.  A    remarkable   feature  in   magnetic  force   is  that  it 
apparently  acts  at  a  distance  without  relation  to  intervening 
substances,    providing    these    are    not   themselves    magnetic. 
Different  substances  such  as  iron,  nickel,  and  to  some  slight 
extent  all  bodies  have  ioaqM^  capacity  in  var3ring  degree,  but 
this  is  unlike  electrical  capacity :  in  electricity  aU  materials 
have  equal  capacity  as  to  the  surface  charge,  §  93,  but  different 
capacities  as  to  forming  the  field  of  force,  9  96 ;  in  magnetism 
the  different  capacity  is  in  receiving  and  retaining  the  charge 
of  force,  while  the  surrounding  field  forms  equally  in  all  bodies 
not  themselves  magnetic.    Hence  a  magnet  acts  just  as  power- 
fully through  a  sheet  of  glass  as  through  air.    If  therefore  we 
place  a  sheet  of  glass  over  a  bar  magnet,  and  sift  iron  filings 
over  it,  these  arrange  themselves  in  obedience  to  the  force,  if  we 
^gbtly  tap  the  glass  to  aid  them  in  moving.    Fig.  32  shows  the 
result,  the  filings  arranging  themselves  in  closed  curves  which 
exhibit  the  lines  of  force  surrounding  the  magnet,  and  on  which, 
or,  rather,  on  the  tangent  to  which,  at  any  part,  a  suspended 
magnetic  needle  will  place  itself.    This  figure  represents  there- 
fore a  section  of  a  magnetic  field;  the  field  itself  of  course 
extending  round  the  magnet  in  all  directions.    It  also  enables 
ns  to  perceive  that  magnets  do  not  act  simply  at  a  distance  ; 
^ey  induce  in  all  surrounding  matter  a  condition  which  is  the 
source  of  magnetic  action ;  but  it  is  only  some  forms  of  matter, 
of  which  iron  is  the  most  important,  which  render  this  condition 
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active  as  magnetic  force,  and  are  themselves  capable  of  retaining 
that  condition,  and  transmitting  it  afresh. 

The  forms  or  curves  which  may  be  obtained  in  tliia  manner 
vary  infinitely  according  to  the  position  of  the  several  poles  in 
a  field:  they  are  in  fact  formed  upon  precisely  the  same 
principles  as  are  shown  in  Figs.  20,  29  and  render  visible  in 
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magnetism  the  lines  and  fields  of  force  which  can   only   be 
perceived  by  the  imagination  in  electricity. 

114.  To  understand  the  magnetic  condition,  we  must  examine 
the  magnet  itself.  Thus  far  we  see  in  it  a  repetition  merely  of 
the  electrified  cylinders  in  Fig.  24  with  the  +  and  —  charges 
apparently  collected  upon  their  separate  ends.  If,  however,  one 
of  those  cylinders  is  divided  across  the  middle,  we  obtain  the 
two  parts  in  the  opposite  states,  one  wholly  +  the  other 
wholly  — ,  and  there  is  thus  some  ground  for  the  idea  that  we 
have  really  separated  two  fluids ;  but  this  is  not  the  case  if  we 
break  a  magnet  across,  for  we  find  that  two  perfect  magnets 
are  produced,  two  fresh  and  opposite  poles  being  generated  out 
of  the  previously  inert  middle,  while  the  forces  these  possess 
are  taken  from   the  original  terminal  poles,   the  attractive 

Fig.  83. 


powers  of  which  are  reduced.  We  may  repeat  this  process  to 
an  unlimited  extent,  till  we  convince  oxirselves  that  ^e  perfect 
magnetic  power  resides  in  every  minute  particle ;  in  feet,  that 
magnetism  is  a  force  belonging  to  and  residing  in  the  molecules 
of  which  the  magnet  is  composed.    This  view  of  the  nature  of 
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a  magnet  is  well  expressed  by  Fig.  33.  This  presents  the 
magnet  as  consisting  of  a  collection  of  polarized  molecnles 
symmetrioally  arran^d,  the  force  of  each  series  exhibited  at  its 
two  ends,  and  completing  the  circuit  of  polarization  or  force 
throngh  surroimding  matter  in  the  cnrves  shown  in  Fig.  32. 
This  conception  is  strictly  correct  as  to  the  facts  of  magnetism 
itself;  bnt  when  we  come  to  the  theory  and  to  the  evident 
connection  of  magnetism  and  electricity,  it  is  apt  to  generate 
oonfhsion  of  ideas,  owins  to  the  apparent  resemblance  between 
the  polarized  molecules  m  both  cases. 

115.  To  avoid  this    confusion,  and    more  intelligently   to 
examine  the  facts  and  the  true  relation  of  the  two  forces  to 
each  other,  and  to  the  molecules  of  matter,  it  is  desirable  to 
define  those  relations  in  accordance  with  the  views  arrived  at 
as  to  the  relations  of  electricity  to  matter.    Electricity  and 
magnetism  then  are  the  same  force,  and  are  two  actions  of 
polarized  molecules,  manifested  at  right  angles  to  each  other, 
and    both    developed    to- 
gether.    Electricity  is  the 
action  which  occurs  in  the 
line  of  polarizaHon.    Mag- 
netism is  the  action  which 
occurs  at  right  angles  to  the 
line  ofpolarucOion^  and  in  all 
directions  at  right  angles 
to  that  line.    But  there  are 
some  important  distinctions 
to  be  noticed.     Electricity 
is    essentially  a   dynamic 
force,  its  nature  consists  in 
producing  motion  in,  and 
transmitting  energy  along, 
the   polaris^  chams ;  its 
static  actions  are  only  in- 
cidents of  this  process  de- 
pendent on  the  resistance 
offered  to  the  completed  motion.    Magnetism  is  on  the  other 
hand  purely  static ;  it  consists  in  the  storing  up  of  energy  in 
the  polarized  molecules.    It  should  also  be   remarked  that 
while  magnetism  is  an  essential  consequence  of  and  attendant 
upon  electric  polarization,  it  is  only  manifested  as  magnetic 
action  by  certain  substances  which   possess  the    faculty  of 
assuming  that  condition  which  constitutes  a  magnet ;  of  these 
iron,  nickel,  and  cobalt  are  the  most  effective,  and  this  state  is 
<»ly  produced  and  manifested  by  dynamic  electricity,  and  in 
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degree  proportioned  to  its  quantity.  Considered  from  this  pcnnt 
of  view,  Fig.  34  represents  a  typical  molecule,  and  this  figme 
thoroughly  mastered  and  fixed  in  the  memory  will  answer 
every  possible  question  as  to  the  relations  of  magnets  and 
currents,  the  action  of  helices,  galvanometers,  coils,  &c.  A 
magnet  will  always  place  itself  at  right  angles  to  such  a  mole- 
cule (forming  of  course  part  of  a  polarized  chain),  with  its 
north  end  to  the  left  hand,  looking  from  the  molecule  itself,  bo 
that  the  arrow  or  magnet  N  S  is  supposed  to  be  on  the  farther 
side  of  the  molecule.  There  is,  however,  no  true  directivo  force 
in  this  action,  no  north  and  south  sides  to  the  molecule  itself^ 
as  there  are  +  and  —  ends,  but  the  directive  tendency  is  the 
same  at  ri^ht  angles  to  any  radius  of  the  molecule  at  ri^t 
angles  to  its  line  of  polarization.  Thus,  if  the  molecule  or 
current  be  vertical,  and  a  suspended  needle  be  carried  round  it, 
the  needle  will  retain  the  same  relative  direction  to  the  mole- 
cule, but  will  make  an  entire  revolution  on  its  own  axis,  and  its 
extremities  will  point  in  turn  to  every  direction,  provided  the 
directive  action  of  the  earth  is  neutralized,  as  by  a  fixed 
reversed  magnet. 

Fig.  35  wUl  illustrate  this.  A  shows  a  section  of  a  conductor 
carrying  current,  or  of  the  molecule  in  Fig.  34  with  its  radial 
lines  at  right  angles  to  which  external  magnets  will  place 

Fig.  35. 


themselves.  B  represents  a  filament  of  a  magnet  such  as  is 
shown  in  Fig.  33  which  conveys  a  correct  idea  of  the  magnetic 
polarities  in  successive  sections,  while  0  exhibits  the  circular 
polarization  in  these  sections,  which  is  the  probable  electrical 
cause  of  the  magnetic  force :  the  arrows  show  the  directions  of 
a  current  which  would  set  up  this  polarization,  and  generate 
the  N  S  magnetism  shown. 

By  aid  of  these  figures  the  student  may  realize  the  idea 
usually  employed  since  Ampere  devised  it  in  order  to  fix  on  the 
memory  the  relations  of  magnets  and  currents;   for  let  the 
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reader  conceive  Umflelf  to  he  the  molecule  Fig.  34,  the  current,  of 
which  he  forms  part,  entering  at  his  feet,  his  head  therefore 
being  the  +  extremity ;  his  right  hand  will  have  the  ma^etic 
actions  of  a  N  pole  to  any  object  at  which  he  is  looking,  and 
therefore  any  magnet  in  front  of  him  will  present  its  N  end  to 
his  left-hand,  the  magnet  itself  standing  fairly  across  him  in 
front  in  whatever  direction  he  may  turn. 

116.  Ampere's  Theory. — As  before  remarked,  magnetism  was 
formerly  explained  by  the  invention  of  two  fluids ;  but  the 
theory  now  generally  received  is  that  of  Ampere.  Working 
from,  the  fact  that  a  circular  electrical  current  constitutes  a 
magnet  at  right  angles  to  its  plane,  and  that  electro-magnets 
are  practically  composed  of  a  series  of  such  circular  currents 
ranged  in  the  form  of  helices,  and  also  from  the  fact  that  the 
force  is  evidently  possessed  completely  by  the  molecules  of 
permanent  magnets,  he  taught  that  magnetic  substances  are 
composed  of  molecules  around  which  electric  currents  are  always 
flowing:  that  in  the  nnmagnetized  condition  these  molecules 
and  currents  are  arranged  hap-hazard  in  all  directions,  and 
that  the  act  of  magnetizing  consists  in  arranging  them  in 
parallel  order*  Fig.  36  exhibits  this  theory;  it  shows  the 
magnet  built  up  of  the  molecules  with  their  currents  acting  as 
does  an  external  current  shown  by  the  arrows.  The  bar  S 
shows  a  longitudinal  view  of  the  same 
magnetic  system.     The  theory  explains  all  ^ 

the  facts   of  magnetism,  but  b^utifully  ^^' 

scientific  as  it  is,  there  are  fatal  objections 
to  it,  not  generally  seen.     In  the  first 
place,  it  is  based  on  the  idea  of  electricity 
being  an  entity,  a  something  which  can 
circulate  round  the  molecules  in  a  real 
stream,  and  therefore   it  is  inconsistent 
with  more  recent  views  as  to  the  nature 
of  electricity ;  but  apart  from  this,  though       ? 
we  might  assume  it  to  be  possible  that      (JM  InUUt^WD 
such  circnlating  currents  might  be  con- 
fined to  the  molecules,  it  is  impossible  to 
conceive  how  they  fail  to  arrange  themselves  symmetrically 
always,  or  why,  once  arranged,  as  in  magnetized  iron,  they 
derange  themselves  at  once  the  moment  the  inducing  magnet 
IB  wiSidrawn.     The  very  nature  of  electric  currents  would 
require  a  coercive  force  to  prevent  the  magnetic  condition  being 
always  existent,  whereas  the  reverse  is  the  fact. 

117.  The  Molbcdlar  Theory. — The  theory  of  electricity  set 
forth  in  the  foregoing  pages  is  equally  adapted  to  magnetism, 
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takes  possession  of  all  Ampere's  work,  and  adopts  all  ihe  &ct8 
and  all  the  mathematical  problems  and  proofs  based  upon  them ; 
all  of  these  are  unaffected  by  the  substitution  for  the  aasamed 
circulating  molecular  currents,  of  the  conception  of  the  polaiixed 
molecule  exerting  influence  upon  all  the  neighbouring  molecales 
and  arranging  them  in  systematic  polar  order.  Fig.  37  shows 
at  a  glance  both  the  resemblances  and  differences  of  the  two 
theories.  N  shows  the  molecules  retained  as  a  polarized  (diain, 
analogous  to  the  conditions  of  static  electricity,  and  it  shows 
how  an  electric  current  generates  this 
state  in  a  bar  around  which  it  circulates. 
The  coercive  force  of  the  magnet  is  due 
to  the  resistance  of  the  molecules  to  the 
change  of  condition,  either  to  being  mag- 
netized or  demagnetized  in  the  case  of 
steel,  the  moleculee  of  which  are  oom- 
pound,  while  iron  has  little  power  to 
resist  either.  What  gives  the  molecules 
of  iron  and  steel  these  properties  we  do 
not  know.  But  certain  properties  are 
apparently  connected  with  the  atomic 
weights  of  the  elements,  which  have  been 
classed  into  groups  dependent  on  numerical  relations  of  these 
weights.  A  Kussian  savant,  M.  Mendelejeff,  has  found  some  dif- 
ference of  properties  according  to  whether  the  atomic  numbers 
belong  to  an  even  or  an  odd  series,  as  to  which  information 
may  be  found  in  the  second  supplement  to  Watts'  '  Dictionary 
of  Chemistry.'  It  appears  that  magnetic  bodies  all  belong  to 
the  even  series,  and  that  diamagnetic  bodies  belong  to  the  odd 
series,  and  that  as  to  these  latter  the  diamagnetism  increases 
with  the  atomic  weight. 

118.  Those  who  desire  to  study  magnetism  thoroughly,  will 
find  some  useful  suggestions  as  to  experimental  means  in  papers 
by  Dr.  Shettle  to  be  found  in  voL  iii.  pp.  10  and  44  of  the  JBfec- 
trician.  His  object  was  to  show  that  magnetism  is  a  spiral 
force  rather  than  a  longitudinal  one,  but  his  theory  involves, 
like  Ampere's,  a  continually  maintained  current  of  energy,  and 
it  is  difficult  to  conceive  how  such  a  current  can  be  maintained. 
The  spiral  order  of  the  molecular  arrangement  both  as  to 
magnetism  and  electricity  may  be  almost  considered  to  be 
established  by  the  experiments  of  Professor  D.  E.  Hughes,  who 
gave  to  the  world  the  microphone  and  the  induction  balance : 
he  has  proved  that  the  passage  of  a  current  through  an  iron 
wire  produces  in  it  a  permanent  molecular  strain,  which  ifi 
evidently  of  the  nature  of  a  twist  or  spire,  the  direction  of 

Digitized  by  VjOOQIC: 


I20.]  HOLBOULAB  CONDITION  OF  MAGNETS.  99 

which  depends  on  that  of  the  current :  this  twist  can  actually 
be  removed  by  a  mechanical  twist  in  the  opposite  direction,  or  by 
the  application  of  a  magnet  pole.  He  also  proved  that  this 
molecular  twist,  in  the  act  of  being  untwisted  mechanically, 
generates  an  electric  current,  just  as  does  the  ordinary  cessation 
of  magnetism.  Professor  Hughes  has  recently  extended  these 
observations  in  examining  the  nature  of  steel  as  an  alloy  of 
carbon  and  iron,  and  iato  the  effect  of  ^  temper."  His  results 
promise  important  practical  teachings  and  useful  modes  of 
testing  the  quality  of  steel  as  suited  to  different  uses,  and  his 
papers  should  be  studied  by  those  interested  in  these  subjects. 
The  apparatus  for  the  investigation  is  very  simple :  it  consists 
of  a  tube  with  a  coil  of  wire  upon  it,  through  which  the  wire  to 
be  examined  passes  and  becomes  the  core  of  an  electro-magnet  ; 
a  battery  and  an  interrupter  is  connected  either  to  the  coil  or 
the  wire,  and  a  telephone  to  the  other ;  each  mode  of  connection 
has  its  use  according  as  it  is  desired  to  observe  the  molecular 
effects  produced  on  the  core  by  a  current,  or  the  reactions  of  the 
wire  in  generating  currents  in  the  coil  ^when  the  battery  would 
not  be  used)  under  the  influence  of  torsion. 

119.  A  magnet  is  usually  thought  of  as  merely  a  piece  of 
steel  in  which  a  certain  force  resides  :  it  is  evident  that  this  is 
only  a  part  of  the  magnet ;  the  external  field  of  force  which 
accompanies  it  is  as  essentially  a  part  of  it  as  the  steel  itself, 
and  the  actions  of  magnetism  are  all  of  them  merely  transfers 
of  the  energy  of  this  field  and  rearrangement  of  its  lines  of 
force.  The  directive  energy  of  the  magnet  is  due  to  the 
inductive  action  of  the  energized  molecules,  tending  to  range 
all  neighbouring  molecules  in  the  same  order  as  themselves. 
They  thus  set  up  a  magnetic  field  (which  is  a  resolution  of  the 
forces  exerted  by  the  various  acting  molecules)  in  which  all  the 
particles  of  air  and  common  matter  range  themselves,  like  the 
filings  in  Fig.  32 :  when  a  magnetic  body  enters  this  field  its 
molecules  range  themselves  in  obedience  to  it,  and  by  their  own 
power  set  up  a  field  of  their  own ;  when  the  body  entering  the 
field  is  already  magnetized  permanently,  and  therefore  has  its 
molecules  already  so  ranged,  or  is  temporarily  magnetized 
circularly  by  being  the  conductor  of  an  electric  current,  then  if 
movable  as  a  mass,  it  is  turned  or  attracted  or  apparently 
Tepelled  in  such  manner  as  to  most  energetically  form  part  of 
the  original  lines  of  force  or  magnetic  field ;  but  if  it  cannot 
move  it  reacts  upon  the  field  and  moves  the  magnet  if  movable, 
and  a  new  field  is  set  up  which  is  the  resolution  of  the  forces  of 
the  two  or  more  magnets  within  it. 
120.  Magnetic  Field. — ^It  is  of  great  importance  that  this 

H  2 


100 


MAONBTISM. 


[12a 


conception  of  a  "  field  of  force  "  should  be  thoronghly  realised 
and  replace  the  old  fallacy  of  a  repulsive  forte  because  this 
supposed  force  is  very  apt  to  mislead  in  many  directions,  and  it 
is  well  to  see  that  throughout  all  nature  we  find  no  trace  of  a 
repulsive  force,  and  therefore  ought  never  to  apply  the  idea  to 
an^  phenomenon  merely  because  it  offers  an  explanation.  The 
action  of  magnets  is  the  strongest  apparent  evidence  for  the 
existence  of  such  a  force,  and  this  makes  it  the  more  desirable 
to  show  that  no  such  force  is  necessary  to  explain  the  fiftcta. 
Fig.  38  will  convey  the  idea  of  a  magnetic  field,  in  end  view 
and  perspective.  It  shows  the  magnetic  bar  constituted  of  the 
annular  (or  spiral)  systems  of  statically  polarized  molecules  as 
in  Fig.  37.  These  molecules  manifesting  magnetic  force  at 
right  angles,  and  their  actions  uniting  in  the  aerial  line  of  the 
magnet  and  developing  the  lines  of  magnetic  force  as  shown  in 
the  arrows:  the  external  "field  of  force"  is  developed,  under 
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the  general  law  of  inductive  action  by  circles  of  polarization  in 
the  opposite  direction  to  those  of  the  magnet  itself ;  the  mag- 
netic lines  of  force  of  these  therefore  attract,  and  form  clos^ 
lines  of  force  with  those  of  the  magnetized  bar.  The  external 
arrows  therefore  show  the  position  in  which  another  magnet 
would  necessarily  place  itself,  because  in  so  doing  the  lines  of  force 
of  the  second  magnet  would  place  themselves  in  those  of  the  princijxd 
field.i  The  lines  of  force  of  magnetism,  like  those  of  electricity, 
tend  to  the  direction  of  most  capacity,  so  that  whenever  a 
magnetized  or  magnetic  body  enters  the  field,  the  lines  of  force 
concentrate  within  it,  and  the  external  actions  are  to  that 
extent  suppressed.  This  is  just  what  happens  when  an  arma- 
ture is  applied  to  a  horse-shoe  magnet.  In  the  case  of  a  horse- 
Tie 
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Bhoe  the  external  field  forms  itself  in  the  space  around  the 
opening,  forming  an  ellipse,  with  its  circles  of  polarization  in 
the  same  order  as  those  of  the  magnet  (instead  of  reversed  as  in 
Fig.  38  -where  the  magnetic  lines  have  to  return  on  them- 
selves) :  on  the  approach  of  the  armature  the  lines  of  force  are 
taken  np  by  the  iron,  which  becomes  itself  a  magnet  forming  a 
continuation  and  completion  of  the  horse-shoe :  the  energy  of 
the  external  field  develops  the  force  of  attraction,  and  if  the 
armature  is  sufficiently  large  and  in  very  good  contact,  the 
magnet  now  ceases  to  have  any  external  action,  because  its 
whole  circuit  is  self-contained.  This  never  occurs  completely 
in  the  case  of  an  armature,  because  perfect  contact  is  not  to 
be  attained :  but  if  a  homogeneous  ring  of  steel  were  mag- 
netized it  would  show  no  external  magnetic  action :  such  a  ring 
would  manifest  opposite  free  poles  of  equal  strength,  at  any 
point  in  which  it  might  be  cut  across,  and  part  of  its  energy 
would  pass  into  the  external  circuit  which  would  be  then 
developed. 

121.  Attraction  and  Eepulsion. — ^When  the  magnets 
approach  each  other  they  manifest  attraction  between  unlike 
poles  N  and  S  and  repulnon  between  like  poles  N  N  or  S  S. 
When  a  non-magnetized  but  magnetic  body  approaches  a  magnet 
it  is  always  attracted,  because  magnetism  is  induced  in  it  as  just 
described  in  true  polar  order.    If  a  weak  magnet  approaches  a 


strong  one,  its  magnetism  may  be  overpowered  by  induction 
either  temporarily  or  permanently.  Bepulnon  however,  is  not 
due  to  any  repulsive  force  between  the  poles ;  as  in  the  case  of 
electricity  p.  $7,  it  is  simply  the  reactions  of  the  whole  fields 
on  each  other  and  the  endeavour  to  place  themselves 
symmetrically. 
Attraction  is  illustrated  in  Fig.  39  which  shows  the  action  of 
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opposite  poles  approaching:  the  lines  of  the  magnet  and 
external  fields  of  i  and  2  enter  each  other  and  blend  in  one: 
they  draw  together  just  as  do  opposite  electric  charges,  and  the 
result  is  that  the  two  magnets  constitute  one  long  one,  in 
which  the  S  N  poles  at  the  middle  disappear,  and  their  foroes 
are  tranferred  to  the  external  poles,  as  when  two  Lejden  jan 
or  galvanic  cells  are  coupled  in  series. 

B^nthion  is  explained  by  Fig.  40  where  i  and  2  are  magnets 
with  like  poles  presented:  at  once  the  lines  of  i  S  and  2  N 
coalesce  and  tend  to  turn  the  magnets  round,  so  as  to  produce 
the  conditions  of  Fig.    29.     If  motion  is 
Fig.  40.  ^^J  possible  in  the  vertical  line  as  shown, 

the  magnets  will  recede  from  each  other 
because  each  of  them  seeks  to  take  posses- 
sion of  the  molecules  of  surrounding  air  to 
complete  its  field,  and  therefore  the  magnets 
themselves  move  in  the  direction  which  in- 
volves the  least  resistance.    Fig.  40  shows 

rjz 1 j\^    also  another  instance  of  attraction  as  be- 

/»  l\  tween  i  and  3  where  both  poles  act  together 

ji  ^  and  each  bar  acts  as  the  external  field  of 

the  other. 

122.   Mbchanically   produced    Fields, — 
5  Fields  of  force  such  as  are  shown  in  these 

figures  are  not  merely  imaginations :  they 
are  capable  of  being  visibly  produced  by  mechanical  means,  and 
in  them  may  be  reproduced  phenomena  strongly  resembling 
those  of  attraction  and  repulsion.  The  curious  vortex  rings 
formed  of  smoke  issuing  from  an  opening  in  a  chamber 
subjected  to  a  sharp  blow  (and  resembling  those  often  produced 
by  <»nnon)  are  to  some  extent  illustrations  of  this,  for  these 
circling  rings  possess  many  of  the  attributes  of  solid  bodies, 
moving  as  a  connected  whole  in  space  and  even  rebounding 
from  each  other. 

Dr.  0.  A.  Bjerknes  of  Christiania  exhibited  at  the  Paris 
exhibition  of  1 881  a  series  of  experiments  in  which  the  motions 
of  attraction  and  repulsion  were  very  perfectly  imitated  by 
means  of  currents  of  water.  The  apparatus  consisted  of  small 
drums  connected  to  an  air-pimip  which  alternately  expands 
and  contracts  the  diaphragms :  to  give  any  intelligible  explana- 
tion of  the  interesting  experiments  would  occupy  several  pages, 
but  the  result  is  that  if  two  such  drums  are  placed  in  water  so 
that  one  of  them  is  movable,  and  a  succession  of  pulsatioiis 
imparted  to  the  diaphragms,  aitradion  occurs  if  both  pulsate 
alike,  but  repuhion  occurs  if  the  pulsations  are  alternating. 
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Mr.  A.  Stroh  in  a  paper  read  to  the  Society  of  Telegraph 
Engineers,  27th  April  1882  (and  which  received  the  rare  honour 
of  repetition)  illustrated  the  same  principles  applied  to  vibra- 
tions in  air.  His  paper  will  be  found  in  vol  xi.  p.  192  of  the 
Proceedings  of  the  Society  and  in  the  Electrician,  vol.  viii.  pp.  405 
and  421,  with  numerous  illustrations  showing  the  effects 
produced.  These  show  just  such  "fields  of  force"  set  up  by 
pulsations  in  the  air  as  are  shown  by  iron  filings  in  the  case  of 
magnetism. 

123.  LiAWS  OF  MAGiTTric  FoBCE. — ^Many  attempts  have  been 

made  to  fix  the  laws  of  attractive  force  of  magnets,  and  the 

resnlt  appears  to  be  that  it  varies  inversely  as  the  square  of  the 

distance,  as  it  must  indeed  from  the  cause  which  generates  this 

universal  law  of  actions  proceeding  from  a  centre,  this  being  a 

necessary  consequence  of  the  fact  that  the  areas  of  spheres 

increase  in  that  ratio :  but  this  only  applies  to  each  point  of  a 

magnet  regarded  by  itself ;  practically  do  distinct  law  can  be 

laid  down,   as   the   force   is  a   compound  action:    it  is    not 

governed   merely  by  the  distance  of  the  attracted  body  from 

the  magnetic  poles,  but  by  the  form  of  the  acting  *' field  of 

force  "  between  the  poles.    It  is  in  fact  quite  possible  to  make 

a  number  of  magnets,  all  of  equal  power  upon  an  armature  in 

contact,  yet  all  differing  in  their  attraction  for  their  armature 

at  different^istances. 

Let  us  conceive  two  such  magnets :  A  (N — S)  with  i  inch 

between  its  poles;  B  (N S)  with  a  space  of  3  inches. 

It  is  evident  that  the  field  of  A  will  be  the  more  intense, 
but  that  it  will  extend  only  a  small  distance  from  the  ends 
of  the  magnet:   necessarily  therefore  the  force  of  attraction 
on  the  armature  will  diminish  much  more  slowly,  as  distance 
increases,  in  the  wide  magnet  B,  than  in  the  narrow  one  A. 
The  real  law  is  to  be  found,  not  in  the   distance   of  the 
armature,  but  on  precisely  the  same  principles  as  govern  the 
relations  of  two  derived  inductive  circuits,  §§  67  and  91.    The 
magnet  has  in  fact  two  circuits  in  which  to  close  its  lines  of 
force :  a  reference  to  Fig.  29,  p.  90  will  make  this  clear;  if  we 
consider  +  and  —  to  be  the  polar  extremities  of  the  horse- 
shoe magnet,  the  magnetic  field  is  shown  by  the  arrows;  it 
being  formed  on  the  same  principles  as  the  electric  field.    If 
we  now  imagine  a  bar  of  iron  approaching  from  above,  this,  by 
its  greater  magnetic  capacity,  will  draw  the  lines  into  itself, 
and  two  fresh  fields  will  form  between  its  extremities  and  + 
and  ->.    It  is  evident  these  two  fields  are  a  pair  in  series, 
dividing  the  force  with  the  original  field  in  the  ratio  of  the 
ieneral  capadiieB^  which  may  be  roughly  considered  as  represented 
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by  the  relation  of  the  distance  between  +  ^t^^  -*  as  against  the 
sum  of  the  distances  +  armatnre  — ;  here  again  it  beoomes 
obvious  that  no  law  based  upon  the  mere  distance  of  the 
attracted  body  without  considering  the  form  and  conditions  of 
the  magnet,  can  possibly  express  the  facts  and  forces. 

It  would  seem  therefore  that  it  is  a  mistake  to  bring  the 
poles  of  horse- shoe  magnets  near  together ;  that  they  -would  do 
more  work  if  the  opening  is  wide,  because  when  once  in  contact 
the  length  of  the  armature  offers  small  resistance,  if  it  be  made 
of  pure  soft  iron,  while  this  form  gives  greater  range  of  work. 

The  force  exerted  by  a  magnet  holding  up  a  weight  is 
measured  in  dynes  by  multiplying  the  weight  in  grammes  by 

the  force  of  gravity  at  the  place,  which  is  about  9*81  in 


124.  Magnetization. — Steel  may  have  magnetic  power  de- 
veloped in  it  by  drawing  a  bar  magnet  along  its  several  sur- 
faces, always  in  one  direction;  it  is  still  better  to  arrange  a 
complete  system  of  bars  forming  an  octagon  or  square,  and 
draw  the  magnet  round  and  round,  always  in  one  direction :  in 
this  plan  the  bars  may  be  all  steel,  or  alternate  steel  and  iron. 

If  the  operator  has  two  bar  magnets,  an  excellent  plan  is  to 
place  them  with  opposite  poles  together  over  the  middle  of  the 
bar  to  be  magnetized,  and  then  to  draw  them  slowly  asunder 
to  the  ends,  repeating  this  six  or  eight  times  oi|  each  face. 
This  process  is  still  more  effective  if  the  ends  of  the  bar  rest  on 

Fig.  41. 


two  other  magnetic  bars  with  their  opposed  poles  in  the  same 
direction  as  the  moving  magnets.  Fig.  41  shows  this  process, 
N  S  being  the  bar  to  be  magnetized  and  W  a  piece  of  wood  to 
support  it  and  steady  the  lower  magnets.  This  is  called  the 
method  of  single  touch,  and  is  best  suited  to  thin  needles  and 
bars  not  more  than  a  quarter-inch  in  thickness. 

The  method  of  double  touch  may  be  illustrated  by  the  same 
figure. 

The  triangular  space  between  the  two  movable  magnets  is 
filled  with  a  piece  of  wood,  and  their  upper  ends  connected  by 
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a  bar  of  soft  iron,  and  both  are  moved  to  and  fro  along  the  bar 
N  8,  TTithoiit  separation.  This  process  gives  more  magnetic 
power,  but  is  apt  to  be  irregular  and  to  produce  consequent 
points. 

Horse-shoes  shonld  be  magnetized  on  the  same  system ;  closing 
the  poles  ^th  a  soft  iron  armature,  or  a  bar  magnet  properly 
placed,  or  two  can  be  arranged  facing  each  other. 

The  bar  magnets  may  be  advantageously  replaced  by  electro- 
magnets w^hich  can  be  given  a  much  higher  specific  magnetism 
than  steel  can  retain;  this  is  a  great  advantage  because  the 
magnet  can  generate  no  higher  intensity  than  it  possesses 
itself,  and  therefore  the  stronger  they  are  the  better  they 
magnetize. 

125.  The  Battery  Process. — This  is  the  most  convenient. 
It  consists  in  making  the  steel  bar  act  as  the  core  of  an  electro- 
magnet for  a  few  seconds.    A  short  coil  should  be  made  of  stout 
covered  wire,  the  central  opening  of  which  is  large  enough  to 
allow  it  to  be  passed  over  the  bar.    It  should  be  arranged  at 
the  middle  of  the  bar,  and  connected  to  a  battery  sending  a 
powerful  current  through  it,  and  regularly  passed  along  the 
length  both   ways  several  times,  allowing  the  ends  to  half 
enter  the  helix,  and  brought  back  to  the  middle  before  the 
current  is  stopped ;  the  action  is  facilitated  by  slightly  tapping 
the  magnet  during  the  process  to  produce  vibration.     It  is 
also  found  that  an  intermittent  or  breaking  current  is  more 
effective  than  a  continuous  one. 

The  magnetizing  is  also  assisted  bv  completing  the  magnetic 
drcuit  externally  with  soft  iron :  in  this  case  also  the  magnetism 
retained  is  higher  than  if  the  steel  is  not  provided  with  an 
armature  to  complete  the  magnetic  circuit :  the  reason  is  that 
as  in  compound  magnets,  part  of  the  lines  are  apt  to  return 
within  the  mass  of  Ihe  metal. 

i*urther  information  as  to  magnetizing  will  be  found  in  the 
section  upon  Galvanometers. 

126.  QuALiTT  OF  Stkel. — Somc  authorities  say  that  for  large 
magnets,  hardened  cast  steel  is  best ;  for  compound  horseshoe 
magnets  the  same  steel  annealed  at  500°,  or  hard  shear  steel ; 
for  needles,  cast  steel  annealed  in  boiling  oiL  Steel  made  of 
the  best  iron,  such  as  Swedish,  makes  the  best  magnets :  but  it 
ia  very  doubtful  if  cast  steel  is  adapted  to  the  purpose.  It  is 
now  found  that  the  presence  of  about  3  per  cent,  of  tungsten 
(wolfram)  endows  steel  with  high  magnetic  power;  this  steel 
is  manufactured  at  the  Allevard  works  in  France,  and  is  now 
employed  for  high  quality  magnets  by  many  makers,  but  it  is 
n^er  ooatly. 

Digitized  by  VjOOQIC 


106  MAGNETISM.  [l^T* 

Cast  iron  will  also  take  permanent  magnetism ;  it  should  be 
of  a  quality  containing  little  carbon,  known  as  white  iron,  and 
is  improved  by  the  addition  of  lo  per  cent,  of  steel :  it  should  be 
tempered  or  rather  hardened  at  a  high  temperature,  and  it  is 
not  unlikely  that  the  best  process  would  he  that  known  as 
"  chilling,"  that  is  casting  in  cold  iron  moulds.  Attempts 
have  been  made  to  magnetize  both  cast  iron  and  steel  by  a 
current  passed  while  in  the  act  of  solidifying,  but  the  result  is 
to  produce  hollow  castings.  The  moulds  may  also  be  placed  in 
a  powerful  magnetic  field,  but  it  is  very  doubtful  if  the  result 
would  repay  the  trouble  and  expense. 

By  care  in  selection  of  metal,  and  in  magnetizing,  bar 
magnets  have  been  produced  carrying  20  times  their  Tvei^ht, 
and  horse-shoes  40  to  50  times  &eir  weight;  as  to  this  see 

§§  135-^- 

127.  Form  and  Arrangement. — For  compass  needles,  the 
best  form  is  flat,  tapering  from  the  middle  to  fhe  points ;  for 
bar  and  horse-shoe  magnets  the  mass  of  material  should  be 
divided  into  a  number  of  plates  not  exceeding  a  quarter-inch 
in  thickness,  separately  tempered  and  magnetized,  and  arranged 
with  their  similar  poles  together;  they  should  be  insulated 
from  each  other  by  sheet  brass  or  cardboard,  and  bound 
together  by  screws  or  external  bands  of  brass,  and  in  some 
cases  it  is  well  to  terminate  the  whole  by  pieces  of  very  pure 
soft  iron,  shaped  as  desired,  fitted  to  the  end  of  the  bars,  and 
secured  to  them. 

Very  powerful  magnets  have  been  made  of  late  from  veiy 
thin  steel  plates,  similar  to  that  used  for  clock  springs,  with  the 
ends  gathered  into  terminal  blocks  as  just  mentioned.  These, 
which  are  called  *'  Jamin's  "  magnets,  are  much  used  for  small 
dynamo  machiDCS,  fuze  exploders,  and  similar  apparatus. 

When  several  bars  are  thus  united,  the  total  force  is  never 
equal  to  the  sum  of  the  whole  separately,  because  the  similar 

CB  tend  to  neutralize  each  other ;  in  some  cases  the  central 
will  even  be  reversed  by  this  action,  for  which  reason  they 
shotdd  be  the  longest.  This  is  the  reason,  together  with  the 
superior  temper  of  the  metal,  and  more  complete  penetration 
of  the  magnetism,  that  a  number  of  separate  pieces  give  more 
power  than  a  solid  bar  of  the  same  mass,  as  in  this  the  interior 
portions  are  apt  to  take  reverse  magnetism  to  the  exterior,  thus 
oompletiug  closed  magnetic  circuits,  and  leaving  little  force  to 
be  exerted  on  external  objects. 

128.  Preservation  of  Magnets. — They  should  be  carefully 
handled,  and  all  jarring  actions  avoided;  when  not  in  nse 
needles  should  be  placed  in  the  true  magnetic  direction ;  the 
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same  "writh  bars;  but  either  may  be  still  better  preserved  by 
placing  two  together  with  their  poles  reversed,  and  a  small 
piece  of  soft  iron  between  them  at  each  end.  Horse-shoes  should 
always  have  the  keeper  or  armature  on,  and  their  powers  may 
be  greatly  increased  by  hanging  them  up  with  a  weight 
attached,  virhich  can  be  gradually  increased.  Care  should  be 
taken,  hoTvever,  never  to  violently  detach  the  keeper,  and 
when  this  is  removed  for  use,  it  should  be  done  by  sliding  it  off 
across  the  poles,  not  by  pulling  it  awAy. 

The  power  of  a  magnet  is  influenced  by  its  surroundings, 
such  as  neighbouring  magnets  and  currents,  and  also  by  tem- 
perature :  a  strong  heat  demagnetizes  steel,  and  the  magnetism 
even  lowers  with  an  ordinary  rise  of  temperature,  increasing 
again  as  temperature  lowers.  It  is  also  found  that  a  flash  of 
lightning,  even  though  distant,  affects  the  magnetic  force, 
showing  how  intimately  connected  all  nature  is.  M.  Marcel 
Deprez  (the  construction  of  whose  galvanometers  renders  the 
question  of  constancy  important  to  him)  asserts  that  magnets 
do  not  vary  in  their  intensity  by  lapse  of  time,  and  has  described 
some  interesting  apparatus  and  experiments  in  proof  of  this ; 
but  general  experience  does  not  agree  with  him. 

129.  The  earth  itself  is  a  large  magnet^  and  this  is  the  reason 
that  the  magnetic  needle  has  an  apparent  directive  power, 
because  it  places  itself  on  the  lines  of  the  earth's  magnetic  field. 
Terrestrial  magnetism  is  a  subject  by  itself,  and  one  of  vast 
practical  interest,  but  it  is  out  of  the  scope  of  the  present  work. 
Our  concern  with  it  is  simply  to  regard  the  earth  as  a  huge 
magnet,  and  to  understand  that  its  actions  are  the  same  as 
those  of  any  other  magnet.  The  poles  of  the  earth's  magnetism 
are  not  coincident  with  its  axis  of  revolution,  nor  are  they 
permanently  fixed;  hence  the  variaiion  of  the  compasB,  which 
varies  according  to  some  definite  but  as  yet  unknown  law.  It 
appears  as  if  there  were  two  magnetic  axes  (that  is  two  N  and 
two  S  poles)  which  make  a  slow  revolution  around  each  other, 
while  this  compound  axis  also  revolves  around  the  polar  axis  of 
the  earth  in  a  period  of  about  320  years.  At  present  the 
position  of  the  magnetic  poles  is 

North  pole.    Latitude  77°  50' ;  Longitude  63°  31'  West. 
South    „  „         77^50';        „         116°  29' East. 

The  variationy  or  declination,  besides  this  general  change, 
(about  7'  per  year  in  England  and  now  amounting  to  iS'^  25'  to 
the  westward  and  diminishing,  has  annual  and  daily  small  varia- 
tions, due  apparently  to  the  electric  currents  generated  in  the 
earth  by  the  variation  of  temperature. 
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1 30.  The  iniensity  or  force  is  eubject  to  similar  variations,  caused 
partly  by  the  change  of  position  of  the  poles  as  regards  euk 
part  of  the  earth,  which  at  present  slowly  increases  the  force  m 
England,  and  partly  by  the  fluctuations  in  the  causes  of 
magnetism  itself,  which  probably  are  connected  with  periodiod 
changes  occurring  in  the  sun,  and  the  maximum  and  minimum 
periods  of  sun  spots,  and  also  probably  with  the  grouping 
and  relative  distances  of  the  planets.  Irregular  variatioD£ 
accompany  displays  of  aurora,  §  141. 

The  force  is  considered  under  two  heads. 

131.  The  dip  or  vertical  component  is  the  intensity  of  the 
attraction  with  which  a  perfectly  balanced  needle  is  drawn  oat 
of  the  horizontal  line  with  its  end  dipping  towards  the  nearest 
magnetic  pole,  where  it  would  assume  Uie  vertical  position. 
The  practical  effect  is  that  a  magnetized  needle  requires  a 
counterpoise  to  balance  this  force,  if  it  is  intended  to  rest  in  a 
horizontal  plane. 

132.  The  horizontal  intensity  is  of  the  most  importance,  as 
in  galvanometers  the  value  of  a  deflection  produced  by  a 
current  is  proportional  to  the  horizontal  intensity  of  th^  earth's 
pull  on  the  needle  at  the  place  of  observation,  which  varies 
from  a  maximum  at  the  magnetic  equator  to  nothing  at  the 
pole :  its  position  of  greatest  intensity  is  in  latitude  0°,  longi- 
tude 101°  west,  where  it  equals  dyne  '3733.  At  Greenwi<^  its 
value  was 

Dynes  C.G.S.  Metric  M.G.S. 

1848       -1716      1-716 

1873      '1791      i'79i 

1875     •1794     1*794 

1881     '1805     1-805 

An  approximate  formula  for  ascertaining  the  value  at 
different  parts  is  given  by  Biot  as  V  +  3  ^^^^  ^  where  A  is 
the  magnetic  latitude  or  inverse  angular  distance  from  the 
magnetic  pole. 

Another  formula  is  based  upon  the  assumption  that  the 
earth  is  a  uniformly  magnetized  body,  or  that  it  acts  as  the 
magnetized  field  generated  by  a  magnet  at  its  centre  ;  the 
magnetic  moment,  §  135,  gives  *  J3092  x  sin  A. 

The  measurement  of  the  horizontal  intensity  at  any  place 
requires  delicate  apparatus  and  such  observations  and  calcula- 
tions as  are  beyond  the  purpose  of  this  work,  and  therefore  it  is 
better  to  refer  those  who  desire  this  information  to  works 
going  further  into  the  subject  of  magnetism. 
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133.  The  magnetic  field,  conBisting  of  lines  of  foroe  haying 

direction  and  intensity,  of  neoessity  varies  in  force  at  its  different 

parts  ;  the  unit   field    is    that    which    exerts    unit    foroe  on 

a  magnetic  pole :  but,  as  in  the  mutual  reaction  of  two  poles, 

§  134,  this  maCTet  itself  is  a  factor  in  the  foroe,  andF  =  m  x  H, 

where   m    is  uie  magnet  and  H  the  intensity  of  the  field: 

distance  does  not  enter  into  the  formula  because  it  is  already 

one  of  the  elements  which  define  the  intensity.     H,  which  is 

always  nsed  as  the  symbol  of  magnetic  intensity,  is  the  field 

produced  by  the  unit  pole  (Weber)  at  the  distance  of  one 

centimetre,  and  more  generally  it    is  as  M  -^  J)\  as  the 

strength  of  the  pole  and  inversely  as  the  square  of  the  distance. 

It  is  proposed  to  call  the  unit  field  intensity  a  Gauss. 

I  ^4.  The  strength  of  a  pole  resembles  the  unit  quantity  of  elec- 
tricity, §  72,  and  a  unit  pole  means  one  which  at  one  centimetre 
distance  repels  an  equal  similar  pole  with  a  farce  of  one  dyne.    It 

is  related  to  the  same  formula  as  is  given  §  71  and  F  =  — =— — . 

In  fact  it  is  also  caUed  the  unit  of  magnetic  quantity,  and  it  is 
proposed  to  call  it  the  Weber,  a  name  which,  highly  proper  in 
itself,  will  lead  to  great  confasion  because  it  has  been,  until 
recently,  the  name  of  unit  dynamic  electric  quantity  and 
current.     Its  value  is  10®  C.Q.S.  units. 

It  should  be  understood  that  the  pole  of  a  magnet  is  not  a  fixed 
point  in  it :  it  is  simply  the  focus  on  which  the  molecular  forces 
combine:  therefore  this  pole  or  focus  will  be  changed  in 
position  by  any  cause  which  modifies  the  field  of  the  magnet, 
such  as  the  approach  of  a  magnetic  substance  or  another 
magnet. 

135.  Magnetic  Moment. — In  mechanics  the  "moment"  of  a 
foroe  is  its  value  under  given  circumstances,  as  of  the  force 
applied  to  a  lever  to  move  it  around  its  fulcrum.  A  magnet  is 
a  lever,  its  centre  the  fulcrum,  its  poles  the  point  at  which  the 
foroe  is  applied,  and  therefore  the  length  of  leverage.  In  such 
cases  the  action  in  opposite  directions  on  the  two  ends 
of  the  lever,  exerting  an  effort,  not  to  move  it  in  any  direction 
bodily,  but  to  turn  it  on  its  axis,  is  called  a  "  couple,"  and  the 
couple  tending  to  turn  any  magnet  placed  at  right  angles  to 
the  pull  of  the  field  is  m  Z  x  H,  where  m  Z  is  the  magnetic  moment^ 
depending  on  m  the  strength  of  the  pole,  and  I  the  length  or 
distance  between  the  poles.  As  a  consequence  of  this,  'and  also 
of  the  definition  of  magnetic  intensity,  if  we  have  two  bar 
niagnets  of  equal  dimensions  and  equal  force,  we  double  the 
**  moment "  of  one  by  adding  the  other  to  it  either  end  to  end, 
as  this  gives  2  Z  «i,  or  by  placing  them  side  by  side,  which  gives 
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2  ml:  in  fact  the  fnagnetic  moment  of  any  uniformfy  magneliMed 
iubstance  is  proportional  to  its  volume. 

The  moments  of  magnets  may  be  compared  by  their  TelatiTe 
actions  as  regards  another  magnet ;  if  we  use  the  earth  as  this 
magnet  (and  do  not  need  the  high  accuracy  which  wonld  take 
into  account  the  varying  magnetic  intensity  of  the  earth 
itself)  the  moment  of  a  bar  magnet  may  be  measured  by 
suspending  it  by  a  fibre  and  counting  the  time  of  one 
oscillation  or  the  number  of  oscillations  in  a  given  time,  the 
relative  moments  are  as  the  square  of  the  number  of  oscillatioiiBs 
or  inversely  as  the  square  of  the  time  of  one  oscillation. 

To  obtain  the  moment  in  absolute  measure  a  very  short 
needle  is  freely  suspended  so  as  to  hang  in  the  magnetio 
meridian  over  a  zero  line.  The  magnet  is  placed  parallel  to 
this  line,  at  right  angles  to  and  in  the  plane  of  the  needle, 
at  such  a  distance  that  it  produces  a  deflection  of  only  a 
few  degrees.  Let  6  be  the  angle  of  deflection,  d  the  distance 
between  the  centres  of  the  needles,  H  the  horizontal  component 
of  the  earth's  magnetism,  §132,  then  ml  =  ILd^  tan  0. 

Horseshoe  ma^ets  may  be  similarly  measured  if  their  ends 
are  placed  on  the  line  which  a  bar  would  occupy,  and  the 
distance  measured  from  the  central  point  between  them. 

Among  the  examples  quoted  by  IVof.  Everett,  it  is  said  that 
Gauss  found  the  magnetic  moment  of  a  steel  bar  m^net 
weighing  i  lb.  (453*6  grammes)  to  be  10088  C.G.S.  units,  and 
that  Eolrausch  nndls  that  the  maximum  permanent  magnetiza- 
tion retained  by  steel  in  very  thin  rods  is  such  as  to  represent 
a  capacity  of  nearly  Ave  times  this.  This  gives  according  to 
these  observers ; — 

Gauss,  moment  per  gramme,  22*24.    Intensity,  175  C.G.S. 
Kolrausch  „  „        100*00  „         785       „ 

The  ma^etic  moment  of  the  earth  is  '33002  X  B^  and  the 
earth's  radius  E  being  6- 37  x  10^  centimetres,  tnis  is  855  X  10" 
C.G.S.  units. 

136.  The  intensity  of  a  magnet  may  be  considered  as  the 
relation  of  the  force  to  the  mass  of  matter  it  is  charged  on,  and 
therefore  varies  as  the  ratio  of  the  magnetic  moment  to  the 
weight  or  volume  of  the  magnet;  thus,  if  one  bar  has  a 
moment  equal  to  that  of  another  of  double  its  weight,  it  is  itself 
magnetized  to  twice  the  intensity.  The  C.G.S.  unit  of  intensity 
is  that  of  a  cubic  centimetre  having  unit  magnetic  moment.  The 
earth's  magnetio  intensity  is  only  '0790  which  is  about  '000455 
of  that  of  Gauss's  pound  magnet,  §  135,  and  therefore  1  volume 
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of  highly  magnetized  steel  has  a  capacity  equal  to  2200  volumes 
of  the  earth's  mass  regarded  as  a  uniformly  magnetized  body. 

137.  Magnetic  capacity  would  be  a  suitable  name  for  the 
maximxim  intensity  which  could  be  imparted  to  unit  volume  of 
any  substance.    Prof.  Bowland  gives  the  value  in  O.G.S.  units : — 

Iron  and  steel  at  12°  C.  =   1390;  at  220°  C.  1360. 
Nickel  „  494;  „  380. 

Cobalt  „  800? 

But  this  is  a  subject  requiring  examination,  because  it  is  very 
oeTtain  that  different  qualities  of  iron  and  steel  possess  very 
different  capacities  as  to  reception  of  the  magnetism  imparted  by 
a  given  or  maximum  current,  and  as  to  the  permanent  magnetic 
foroe  it  can  retain,  §  138.  Different  authorities  give  values 
ranging  from  ago  to  1000  for  steeL 

138.  Saturatum  implies  that  a  magnet  is  charged  to  the 
utmost  the  capacity  of  its  materials  will  admit.  Under  the 
influence  of  an  electric  current,  the  magnetism  will  at  first 
grow  in  the  ratio  of  the  current,  but  after  a  time  the  growth 
of  the  current  produces  a  diminishing  growth  of  magnetism,  till 
at  length  a  limit  is  reached  at  which  no  additional  current  will 
increase  the  magnetism.  Steel  reaches  this  point  sooner  than 
soft  iron.  But  when  the  magnetizing  force  is  suspended,  the 
ma^etism  is  lost  to  some  extent,  till  an  intensity  is  reached 
'which  is  tolerably  permanent  (§  1 28).  Iron  loses  the  magnetism 
almost  entirely,  though  a  small  "  residual  magnetism  "  is  always 
retained.  The  softer  and  purer  the  iron  the  more  freely  it 
absorbs  and  the  more  completely  it  gives  up  the  force. 

139.  Coerdvefarce  is  a  name  given  to  this  property  of  resisting 
and  retaining  magnetism.  If  steel  were  the  only  substance 
possessing  it  we  might  attribute  it  to  some  insulating  or  polar 
action  due  to  the  carbon :  but  as  nickel  and  cobalt  both  possess 
it  as  pure  metals,  all  we  can  say  is  that  we  do  not  know  what 
imparts  the  quality. 

140.  ConeequefU  poles  are  similar  poles  opposed  in  the  bar  of 

metal  as  (N SS ^N)  where  we  nave  the  apparent  anomaly 

of  a  magnet  with  two  north  poles :  such  magnets  have  uses  and 
are  largely  produced  in  dynamo  machines  :  but  consequent  poles 
destroy  the  value  of  ordinary  magnets.  If  a  piece  of  soft  iron 
is  applied  to  the  N  end  of  a  bar  magnet,  it  is  attracted  because 
polfiurity  is  induced  in  it ;  it  becomes  itself  a  magnet  with  its  S 
end  in  contact  with  the  magnet.  If,  now,  a  second  bar  magnet 
is  applied  with  its  S  end  to  the  other  end  of  the  iron,  the 
action  is  increased,  the  iron  held  with  double  force ;  but  if  the 
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N  end  of  this  second  bar  be  applied,  the  two  actions  neutralize 
each  other,  and  the  iron,  though  in  contact  with  two  magnets, 
will  have  only  a  slight  attraction  exerted  npon  it.  in  this  case 
the  armature  has  consequent  poles  formed  in  it  and  the  opposing 
fields  neutralize  each  other.  The  same  effect  is  produced  if  a 
N  pole  approaches  the  end  of  a  piece  of  iron  hanging  from  a 
N  pole :  the  iron  may  fall  off.  If  a  S  pole  were  approached, 
instead  of  weakening  the  attraction  of  the  magnet  and  tending 
to  draw  away  the  iron,  the  attractive  force  would  be  increased. 

141.  Auroras. — These  are  closely  connected  with  the  earth's 
magnetism,  although  the  exact  relation  is  not  known.  They 
are  not  unfrequenUy  attributed  to  dectrie  discharges,  similar  to 
those  effected  in  vacuum  tubes,  occurring  in  the  upper  strata  of 
the  air.  But  the  aurora  is  a  general,  not  a  local  phenomenon, 
though  it  may  be  more  strongly  displayed  at  particular  parts. 
There  is  ample  evidence  that  auroras  are  manifested  in  both  north 
and  south  polar  regions  at  the  same  time,  while  we  have  no  reason 
to  suppose  that  these  have  opposite  electric  charges  or  condi- 
tions, and  have  very  much  evidence  that  electric  currents  cir- 
culate around  the  earth  much  as  though  the  earth  were  an 
electro-magnet;  the  reverse  action  is,  however,  possible,  and 
the  currents  might  be  due  to  changes  in  the  magnetism.  It 
seems  more  probable  that  the  aurora  is  really  an  illumination 
of  the  lines  of  magnetic  force :  at  all  events  the  auroral  corona 
always  forms  around  the  position  of  the  magnetic  pole,  and  its 
lines  correspond  to  those  of  the  magnetic  field :  there  appears 
also  to  be  some  connection  between  the  aurora  and  parkdia  or 
mock  suns,  which  are  due  to  a  peculiar  arrangement  of  ice 
particles  in  the  upper  air :  this  renders  it  probable  that  the  play 
of  light  and  colour,  and  the  shifting  streamers  of  the  aurora  are 
due  to  the  magnetic  lines  of  force  affecting  the  constantly 
varying  strata  of  moisture  floating  in  the  air. 

Prof.  Lendstroem  of  Helsingfors  has,  it  is  said,  recently  pro- 
duced natural  auroras  by  artificial  means ;  he  raised  a  number 
of  points  on  the  summit  of  two  hills,  one  of  them  3600  feet 
hign,  in  67°  N.  lat.,  connecting  these  points  to  earth  at  the 
foot  of  the  hill :  an  aurora  was  formed  rising  300  feet  in  the  air 
and  exhibiting  the  true  auroral  spectrum.  This  result,  due  to 
lines  of  atmospheric  electric  discharge,  is  probable,  because  the 
aurora  does  strongly  resemble  some  forms  of  electric  discharge: 
but  this  would  not  diminish  the  probability  that  the  true  aurora 
is  a  luminous  effect  of  magnetism  rather  than  of  true  electric 
discharge. 

142.  Magnetic  Storms. — These  are  the  constant  accompani- 
ments of  the  aurora,  but  often  occur  when  there  is  no  visible 
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anrora ;  they  have  been  observed  to  aooompany  obanges  in  the 
snii,  sudden  ontbnrBts  of  the  hydrogen  prominenoes  and  develop- 
ment of  BxtnHspots.  No  donbt  they  inflnence  health  and  weather, 
but  they  have  no  neoessary  or  obvious  relation  to  these.  They 
consist  in  the  development  of  strong  but  fluctuating  currents  in 
the  earth,  which  frequently  rise  to  a  force  of  200  Daniell  cells 
and  occasionally  to  2000.  The  direction  is  usually  from  east  to 
west  as  though  the  positive  current  followed  the  sun.  Telegraph 
lines  running  east  or  west  become  useless,  except  by  connecting 
two  together  to  form  a  complete  circuit  independent  of  the 
earth ;  but  lines  running  north  and  south  are  comparatively  un- 
affected. 

On  17th  and  i8th  November,  1882,  a  severe  magnetic  storm 
affected  the  whole  earth,  and  suspended  telegraphic  communica- 
tion in  great  degree.  It  was  accompanied  with  a  brilliant 
aurora  ;  there  were  also  heavy  snowstorms  in  many  places,  and 
at  the  same  period  there  were  several  large  sun-spots  forming 
in  the  sun.  Paragraphs  went  the  round  of  the  papers  saying 
that  **  by  means  of  the  storm  alone,  electric  lights  requiring  8 
horse-power  were  kept  burning  some  time."  This,  however, 
resolved  itself  into  the  fact  that  an  8-candle  Edison  lamp  had 
been  illuminated.  During  this  storm  the  earth's  magnetism 
underwent  rapid  fluctuations,  and  the  declination  varied  1°  18', 
and  the  dip  half  a  degree :  simultaneous  changes  were  observed 
in  Europe,  America,  and  Japan. 

143.  DiAMAONETiSM. — ^By  mcaus  of  electrical  currents  and 
helices,  magnetic  effects  can  be  developed  in  all  substances,  and 
Faraday  and  others,  by  means  of  very  powerful  magnets,  have 
proved  that  magnetic  actions  do  thus  occur,  modified  by  the 
nature  of  the  substances  and  their  molecular  arrangement, 
which  lead  to  a  classification  of  substances  as  magnetic  and 
diamagnetic. 

The  first  class  when  interposed  between  the  poles  of  a  magnet, 
place  themselves  with  their  longer  axis  in  the  line  joining  the 
poles;  the  latter  arrange  themselves  across  that  line.  There 
has  been  a  tendency  among  some  philosophers  to  attribute  this 
to  a  force  distinct  from  magnetism,  but  there  seems  no  sufiicient 
leaaon  for  it,  as  the  properties  of  the  magnetic  field  will  explain 
the  fftcts ;  it  would  seem  more  probable  that  the  diamagnetic 
substances  are  those  in  which  the  faculty  of  assuming  the 
inagnetic  condition  is  feebler  than  in  air,  and  that  therefore  the 
molecules  of  air  form  the  field  more  readily  than  those  of  say 
bismuth,  and  consequently  move  these  latter  into  the  position 
in  which  they  take  up  the  least  portion  of  the  lines  of  force ; 
thus  a  tube  containing  a  weak  iron  solution  will  be  magnetic  in 
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air,  but  suspended  in  a  vessel  oontaining  a  stronger  solution  of 
iron  it  acts  as  a  diamagnetic  snbstanoe.  Diamagnetism  will  not 
be  farther  entered  upon  in  this  work.     See  §117. 

144.  Before  leaving  the  subject  of  magnetism,  it  will  be  wdl 
to  point  out  the  error  of  the  common  conception  of  magnets  as 
inexhaustible  sources  of  force.  It  is  this  misconception  which 
has  led  so  many  to  waste  their  time  in  trying  to  devise  perpetual- 
motion  machines,  of  which  magnetism  was  to  supply  the  motive 
power.  It  has  also  given  rise  to  many  questions  as  to  how  it  is 
that  a  magnet  can  impart  force  to  any  number  of  other  magnets 
without  itself  parting  with  any  force. 

Magnets,  like  springs,  can  only  exert  the  power  which  has 
been  put  into  them  :  they  have  no  force  of  their  own.  In  the  act  of 
magnetizing,  whether  by  magnets  or  by  electricity,  a  certain 
amount  of  energy  is  charged  upon  the  molecules  just  as  it  would 
if  each  of  the  molecules  in  Fig.  3  3,  p.  ^4,  were  a  spring  which 
was  wound  up  in  the  act  of  magnetizing.  When  the  magnet 
exerts  any  force,  it  parts  with  ^uU force;  it  is  to  that  extent 
exhausted,  and  the  energy  it  parts  with  is  distributed  over  the 
new  "  field,"  or  in  the  armature,  &c.,  which  has  been  moved.  If 
the  armature  is  a  mass  of  iron  as  large  and  heavy  as  the  magnet 
can  hold,  the  magnet  is  exhausted;  it  will  no  longer  affect 
external  magnets,  &c.,  or  but  very  slightly.  Before  the  mag- 
net can  exert  any  farther  force,  the  requisite  energy  must  be 
restored  to  its  molecules.  This  is  done  by  removing  the  arma- 
ture, which  requires  an  exertion  of  force  equal  to  that  exerted 
by  the  magnet  in  attracting  it. 

The  distinction  is  simple,  but  important ;  the  common  idea 
regards  the  removal  of  the  armature  as  an  exertion  of  force 
against  the  power  of  the  magnet,  and  in  some  sense  this  is  so. 
But  the  real  action  is  the  restoring  to  the  magnet  the  force 
which  it  has  given  up  to  its  armature,  which  is  effected  by  the 
molecules  themselves  so  long  as  they  retain  the  magnetic 
condition. 

So  in  the  act  of  magnetizing,  it  is  not  the  magnet  which  gives 
the  force,  but  the  energy  expended  in  the  act,  just  as  in  cutting 
a  piece  of  iron  with  a  steel  chisel  it  is  not  a  force  in  the  chisel 
which  does  the  work.  The  magnet  and  the  chisel  have  each 
certain  molecular  properties  which  enable  external  energy  to 
produce  the  desired  effect :  in  the  one  case  of  effecting  a  mole- 
cular arrangement  in  the  steel  bar ;  in  the  other  of  destroying 
the  molecular  arrangement  and  cohesion  of  a  piece  of  iron. 
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CHAPTER  IV. 

aALYAiaC  BATTEBIBS. 

145.  It  is  diffioolt  to  examine  tbe  faots  of  galvanism 
thoroughly  in  any  progressive  order.  It  appears  best  to 
oommence  with  examining  praotioally  the  various  sources  of 
the  foroe,  the  different  forms  of  battery;-  but  this  can  only  be 
done  by  the  aid  of  knowledge  of  a  much  higher  order.  Students, 
therefore,  must  at  first  assume  the  principles  and  laws  necessary 
to  understand  the  facts,  and  return  to  these  again  after  the  study 
of  those  principles  of  measurement,  (fee,  based  upon  the  facts. 

If  we  place  a  piece  of  ordinary  sheet  zinc  in  a  dilute  acid,  we 
find  that  a  tumultuous  action  takes  place,  the  zinc  is  dissolved, 
and  hydrogen  gas  is  given  off.  Another  effect  is  produced 
which  is  seldom  set  forth  when  this  fundamental  experiment  is 
stated  ;  as  the  zinc  dissolves,  the  liquid  becomes  heated.  Now 
this  last  fact  is  the  one  of  primary  importance ;  for  with  all 
the  similar  facts  in  chemistry,  it  teaches  us  that  whenever  an 
action  takes  place  spontaneously  between  substances,  energy 
is  set  free,  usually  as  heat.  Let  us  examine,  though  oidy 
cursorily,  what  occurs  in  this  instance,  and  why  it  occurs. 
The  full  explanation  will  be  found  in  Chapter  YIU. 

The  old  explanation,  and  one  even  now  frequently  given,  is 
that  the  zinc  decomposes  water,  HgO,  gives  off  the  hydrogen,  and 
forms  oxide  of  zinc,  ZnO,  which  is  then  dissolved  by  uie  acid, 
forming   a  salt  of  zinc.    The  true  explanation  is  far  more 
simple ;  the  acids  are  substances  in  which  hydrogen  forms  the 
base,  united  with  a  special  acid  radical;  hydrogen,  though  a 
gas,  has  many  chemical  analogies  with  the  metals,  and  indeed, 
there  is  good  reason  to  believe  that  it  is  a  true  metal,  and 
capable  of  assuming  the  solid  metallic  state  in  alloy  with  some 
other  metals,  being  then  a  conductor  of  electricity,  and  dis- 
playing the  ordinary  physical  characteristics  of  metals.    At  all 
events,  metals  are  capable  of  taking  its  place  in  compounds ; 
and  thus  in  the  case  under  consideration,  say  of  zinc  acting  on 
dilute  sulphuric  acid,  the  metal  merely  displaces  the  hydrogen 
and  converts  the  sulphate  of  hydrogen,  H2SO4,  into  ZnS04, 
siilphate  of  zinc.  ^         , 
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146.  It  is  requifiite  to  clearly  understand  that,  besides  tlie 
material  elements,  energy  enters  into  the  constitution  of  all 
bodies ;  all  possess  a  specific  quantity  of  what  we  know  as  heat 
and  according  to  the  molecular  theory,  the  atoms  of  which  all 
substances  are  composed  are  in  a  constant  state  of  internal 
motion;  the  amount  of  that  motion  governing  the  physical 
state,  as  solid,  liquid,  or  gaseous,  and  also  the  chemical 
relations ;  even  afi&nity  is  probably  a  function  of  these  motions 
and  dependent  upon  the  wave-lengths  of  the  vibrations  proper 
to  each  element,  as  shown  by  the  spectroscope;  the  less  the 
motions  the  nearer  the  atoms  approach,  and  the  greater  the 
attraction  they  exert  on  each  other.  Hence  when  what  are 
called  higher  affinities  come  into  action,  the  internal  motioDB 
are  diminished;  but,  as  a  consequence,  this  motion  beoomes 
external,  active  and  sensible,  instead  of  internal  or  latent ;  and 
thus  it  is  that  every  act  of  chemical  combination  sets  energy 
free  in  some  form,  usually  as  heat,  while  every  a^ct  of  chemical 
decomposition  requires  the  supply  of  energy  to  re-establish  the 
internal  motions,  or  latent  forces,  or,  as  it  is  usually  expressed, 
to  overcome  the  chemical  affinities. 

147.  Thus,  when  zinc  is  dissolving  it  gives  off  hydrogen  and 
heat  while  forming  the  more  satisfied  compound,  sulphate  of 
zinc.  If  we  use  a  piece  of  iron  it  does  the  same,  though  more 
slowly,  but  if  we  use  copper  no  such  action  occurs.  If  we 
place  in  the  same  sulphuric  acid,  copper  and  zinc  separate  from 
each  other,  we  see  gas  pouring  off  the  zinc  and  not  from  the 
copper;  but  if  we  permit  them  to  touch,  a  new  phenomenon 
occurs :  the  gas  appears  to  issue  abundantly  from  the  copper. 
Still  if  we  examine  the  liquid  we  find  that  no  copper  is 
dissolving,  while  the  zinc  is  dissolving  faster  than  before. 
Instead  of  allowing  the  two  metals  to  touch  within  the 
liquid,  we  connect  them  by  a  wire,  and  we  find  that  this  wire 
is  suddenly  endowed  with  extraordinary  properties :  if  it 
approaches  a  magnetic  needle  the  earth's  directive  power  is 
superseded,  and  the  needle  no  longer  points  N.  and  S.,  but 
tends  to  place  itself  across  the  wire,  and  in  different  directions, 
according  as  it  is  above  or  below ;  if  the  wire  be  coiled  round  a 
piece  of  iron  it  endows  it  with  powerful  magnetic  properties ; 
if  the  wire  be  cut  in  two,  and  its  ends  dipped  in  Uquids,  it 
produces  chemical  changes  in  many  of  these;  lastly,  the  wire 
itself  becomes  hot.  But  in  proportion  as  these  effects  are 
developed,  so  does  the  dissolving  zinc  generate  less  and  less 
heat  in  tiie  liquid.  Here  we  have  the  explanation  of  the 
sources  of  these  external  actions ;  there  is  no  creation  of  energy ; 
nothing  new  occurs,  except  that  under  the  new  conditions,  the 
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energy  set  free  by  the  oombination  of  the  zino  takes  that  form 
which  -we  call  electricity,  instead  of  the  other  form  we  call 
heat  (just  as  it  was  seen  occurs  with  friction,  §  17),  and  is 
capable  of  manifesting  itself  by  its  chemical,  magnetic,  or 
calorific  effects,  thus  famishing  the  three  natural  divisions  of 
the  study  of  dynamic  electricity. 

148.  The  conditions  under  which  energy  takes  this  form  are 
a  development  of  those  pointed  out  in  §  32,  but  more  plainly 
evidenoed.  The  fandamental  condition  is  a  complete  circuit  of 
conducting  substances;  where  the  electricity  is  developed  by 
chemical  action,  part  of  the  circuit  must  be  an  electrolyte; 
that  is,  a  liquid  whose  molecules  will  readily  assume  the  con- 
dition of  polarity,  and  break  up  into  two  distinct  parts,  giving 
up  energy  in  the  act. 

This  action  occurs  under  the  influence  of  the  zinc,  which,  as 

it  attracts  the  sulphuric  radical,  turns  the  hydrogen  half  of  the 

molecule  away  from  itself,  and  by  diminishing  the  internal 

attractions  of  this  first  molecule,  disturbs  those  of  others,  if 

there  be  this  complete  chain  provided  along  which  the  force 

can  act :  if  not,  the  hydrogen  simply  escapes,  and  the  heat  is 

at  once  set  free.    The  action  can  be  traced  by  the  ordinary 

chemical  symbols.    Zn  +  HaS04  must  evidently  first  become 

Zn  +  804^,  then  ZnSO*  +  H,.     The  atoms  of  hydrogen  are 

now  what  is  called  fuucent,  and  wotdd  instantly  form  a  free 

molecule,  taking  up  and  rendering  latent  that  portion  of  energy 

necessary  to  convert  them  into  a  gas ;  but  before  this  process  is 

completed  they  are  in  a  condition  of  great  activity,  and  eager 

for  combination;  being   surrounded    only  by  molecules  the 

nature  of  which  is  not  changed  by  the  hydrogen  (that  is 

hydrogen  compounds),  the  decomposition  is  simply  transmitted 

along  a  chain  of  thetjc :  molecule  after  molecule  is  decomposed, 

and  the  hydrogen  is  not  set  free  until  it  reaches  a  pomt  at 

which  it  is  powerless  to  effect  a  decomposition,  and  thus  in  the 

combination  under  examination  it  reaches  the  copper  plate 

before  it  becomes  free;  it  does  not  do  so  at  all  if  a  reducible 

metallic  salt  is  present  at  the  copper  plate,  such  as  sulphate  of 

copper,  it  then  displaces  the  copper,  which  fixes  itself  in  turn 

upon  the  superficial  molecules  of  the  metallic  plate,  to  which 

the  polarizing  force  is  transferred ;  in  fact,  that  action  occurs 

which  absorbs  the  least  amount  of  energy. 

149.  These  two  processes  famish  us  with  a  natural  division 
of  batteries  into:  (i)  Those  in  which  the  hydrogen  gas  is  set 
frse;  (2)  those  in  which  the  hydrogen  displaces  some  other 
substance;  and  this  latter  class  consists  of  two  kinds,  those 
in  which  one  liquid  fulfils  all  the  requirements,  and  those 
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in  which  two  liquids  are  required,  kept  apart  hy  a  poiont 
partition. 

150.  Before  examining  these  forms,  it  will  be  aa  well  to 
explain  some  terms  as  to  which  there  is  apt  to  be  acme  oon- 
fusion.  As  the  action  commences  at  the  surface  of  contact  of 
the  zinc  with  the  acid,  the  zinc  is  called  the  positive  metal  or 
element :  and  hence  the  order  of  polarization  originated  there 
in  the  liquid  is  such  that  the  positive  or  +  ends  of  the 
molecules  are  turned  £rom  the  zinc,  and  consequently  all  the 
negative  ends,  which  are  the  acid  radicals,  are  turned  towards 
it.  This  also  corresponds  with  the  terms  of  static  eleotricity, 
and  shows  the  wire  united  to  the  zinc  plate  and  called  its 
pole,  in  the  same  electrical  condition  as  the  rubber  of  a  glass 
electrical  machine  —  or  negative.  The  action  passing  through 
the  liquid  to  the  copper  or  other  collecting  plate  poXarizes  its 
molecules  with  their  —  ends  to  the  liquid,  and  their  +  or 
positive  ends  towards  its  wire.  Hence  we  have  the  zinc,  the 
positive  metal,  plate,  or  elementy  but  its  wire,  the  negative  or 
—  pole;  the  copper  is  the  negative |>2afo  or  metal,  but  the  wire 
proceeding  from  it  the  positive  or  +  pole.    Fig.  42  shows  this. 


WCOATIVC- 


^"TouT' 


Fio.  42. 

—  -f-        PO»ITIVK 


/ 


e  Q  e  €  (3 

3    O    O    CB    3 
V so^    h;^    ^ 


? 


together  with  one  series  of  the  reactions  in  their  successive 
stages.  Line  i  exhibits  the  arrangement  before  action,  the 
molecules  indifferent,  the  shaded  part  representing  the  +  or 
metallic  or  basic  element  or  half;  the  white  being  the  —  or 
acid  half.  In  line  2  we  see  the  molecules  polarized  under  the 
attraction  of  the  zinc ;  in  line  3  the  resulting  discharge,  the 
whole  chain  simultaneously  breaking  up,  one  atom  of  zinc 

y  Google 


Digitized  by  > 


152.3  GKNIBAL  PRINOIPLEr.  119 

forming  a  molecule  of  zinc  sulphate ;  at  the  other  end  of  the 
chain,  the  two  atoms  of  hydrogen  which  are  equivalent  to  one 
of  zinc,  are  set  free,  when  they  satisfy  each  other's  attractions 
and  together  form  a  molecule  of  hydrogen  gas.     Then  polariza- 
tion again  takes  place,  the  molecules  making  a  semi-revolution, 
and  resnming  the  position  of  line  2.     It  will  be  seen  that  this 
view  of  the  action  involves  two  actions  at  each  stage,  first  the 
semi-revolution  of  the  molecules  on  their  axes ;   and,  secondly, 
the  overcoming  the  chemical  attraction  within  the  molecules ; 
this   latter   also  involves    two    separate    actions;   the  actual 
disruption,  which  occurs  only  as  to  one  molecule  of  the  chain, 
and  the  temporary  disruption  and  reforming  of  all  the  other 
molecoleB   in  each  chain.     These   various   actions  cause  the 
internal   resistance  of  batteries,  while  the  energy  given  up 
during  the  interchange  of  zinc  for  hydrogen  in  sulphuric  acid 
is  the  source  of  the  electromotive  force. 

J  5 1.  That  this  condition  of  polarization  or  strain  tending  to 
disruption  really  does  occur  is  manifest,  because  although 
actual  disruption  can  only  happen  when  the  whole  chain  is 
composed  of  conducting  materials,  yet  the  stress  tending  to 
produce  it  exists  exactly  as  in  the  cases  studied  under  static 
electricity.  If  the  two  wires  are  connected  to  a  delicate 
electroscope,  the  plates  will  be  found  to  exhibit  electric  stress 
exactly  as  if  they  were  connected  to  a  machine.  This  indi- 
cates the  existence  of  the  complete  chain,  the  air  or  dielectric 
between  the  plates  of  the  condenser  being  polarized ;  connect 
the  plates  by  a  conductor,  and  discharge  and  current  are  pro- 
duced. The  liquid  under  these  conditions  is  in  fact  acting  as  a 
dieletric. 

152.  In  all  galvanic  generators  there  are  general  principles 
involved  which  explain  the  uses  and  values  of  each  form. 

Electrical  operations,  like  mechanical  ones,  consist  of  two  dis- 
tinct parts:    (i)  the  generation  or  collection  of  energy  from 
some  source ;  (2)  the  application  of  that  energy  to  effect  the 
desired  purpose,  and  this  latter  is  divisible  into  two  parts,  that 
is  to  say,  the  conveying  the  energy  to  its  work,  in  which  process 
it  is  partially  expended,  and  doing  the  actual  work.     Be  the 
work  we  have  to  do  what  it  may,  one  universal  law  governs  all ; 
we  must  expend  in  doing  it  energy  equivalent  to  the  work  and 
all  the  operations  incidental  to  it ;  under  no  circumstances  will 
the  work  do,  or  help  to  do,  itself;  this  may  seem  a  mere  truism, 
yet  the  want  of  understanding  it  costs  this  country  many 
thousands  every  year.     Economy,  that  is  true  practical  work- 
ing, consists  in  obtaining  the  necessary  energy  at  the  lowest 
<i06t,  and  in  avoiding  all  loss  in  applying  it  when  obtained. 
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Thus,  in  ordinary  mechanics,  it  is  necessary  to  select  the 
cheapest  fael,  the  best  furnaces  and  boilers,  then  to  avoid  loss 
of  heat  in  the  steam-pipes,  or  undue  friction  in  the  engine  and 
connected  machinery :  at  every  stage  there  is  room  for  a  wise 
understanding  of  principles,  and  a  due  application  of  them. 
Electrical  operations  are  perfectly  analogous  and  require  similar 
attention.  The  battery  or  other  motor  represents  the  boiler 
with  its  fuel,  the  conducting  wires  replace  the  steam-pipes,  and 
the  work  to  be  done  and  apparatus  for  doing  it  are  the  anal<^oe 
of  the  engine  and  the  machinery  it  may  drive ;  while  the  steam 
itself,  with  its  capacity  for  bearing  pressure,  and  thus  conveying 
the  energy  derived  from  the  combustion  of  the  fuel,  strongly 
resembles  the  eleptric  "current,"  with  the  various  tensions 
which  set  it  up  and  give  it  power. 

153.  We  are  thus  led  to  the  three  fundamental  expressions 
employed  in  the  laws  of  electricity  known  as  Ohm's  formulie, 
viz.  electromotive  force,  resistance,  and  current.  It  is  upon  a 
clear  understanding  of  these,  in  a  perfectly  definite  form,  in  place 
of  the  confusion  of  the  old  vague  terms  "  quantity  and  inten- 
sity," that  sound  and  economical  working  must  be  based.  The 
fuU  explanation  of  these  terms  must  be  studied  in  the  chapters 
devoted  to  each  of  them;  but  a  slight  definition  is  given 
(§§  168-170)  sufficient  for  present  purposes. 

1 54.  In  practical  operations  we  weigh  and  measure  substances 
as  to  their  gross  quantities  by  pounds  and  pints ;  but  for  present 
purposes,  if  any  real  knowledge  }a  desired,  we  must  dismiss 
pounds  from  our  consideration,  because  we  must  go  to  nature 
for  our  knowledge,  and  nature  employs  no  pound  weights  in 
her  operations;  she  uses  only  atoms,  molecules,  and  equiva- 
lents, as  defined  §§  4-1 1,  to  which  definitions  we  must  now 
add  individual  exactness,  that  is  to  say,  we  must  consider  the 
quantity  of  matter  which  nature  puts  into  each  of  her  atoms, 
^at  is,  the  atomic  weight  and  the  valency  (§  6)  of  the  atoms 
of  each  element ;  for  the  relation  of  electricity  to  matter,  its 
passage  through,  and  its  effects  upon,  various  substances  are 
absolutely  linked  to,  and  wholly  dependent  upon,  the  atomic 
weights  of  the  various  substances,  upon  the  valency  of  the  atoms, 
and  upon  the  'consequent  construction  of  the  molecules  of  each 
distinct  substance,  §  9.  This  grand  truth  of  nature  is  completely 
obscured  by  the  usual  mathematical  treatment  of  the  subject. 

155.  Gravitation  acts  upon  matter  according  to  its  mere  mass 
without  relation  to  its  nature;  or,  more  tnily,  weight,  our 
measure  of  the  quantity  of  matter,  is  an  expression  of  gravita- 
tion ;  but  heat,  electricity,  and  all  the  forces  which  act  within 
matter,  rather  than  externally,  have  a  selective  power;  they 
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act  differently  on  different  forms  of  matter,  and  upon  examination 
it  is  found  tlutt  theae  forces  act,  not  upon  mere  masses,  but  upon 
the  atoms  and  molecules  of  which  the  masses  are  built  up ;  their 
actions  are  related  to  the  atomic  weights  and  the  valency  of  the 
several  atoms.  Thus  a  pound  weight  of  iron  would  require 
twice  as  much  beat  to  raise  it  to  a  certain  temperature  as  a 
pound  of  silver  would,  but  equal  quantities  of  heat  would  raise 
to  the  same  temperature  an  atom  of  iron  56  and  an  atom  of 
silver  108.     This  relation  is  called  specific  heat  of  substances. 

156.  Bnt  when  electricity  passes  through  solutions  of  these  two 
metals  an  entirely  different  condition  arises.  It  would  require 
just  twice  as  much  current  (or  twice  the  time  with  equal  current) 
to  deposit  56  of  iron  as  it  would  108  of  silver :  the  reason  is  that 
the  I  atom  of  iron  has  two  valencies,  or  stands  chemically  (in 
ferrous  salts),  in  place  of  2  atoms  of  hydrogen,  while  i  atom  of 
silver  is  equivalent  to  i  of  hydrogen.  Thus  it  appears  that 
heat  is  absorbed  by  matter  in  the  ratio  of  its  atomic  weighty  while 
electric  current  passes  throng  hmatter  in  the  ratio  of  its  chemical 
valency, 

157.  But  matter  has  another  relation  to  energy  in  the  form 

call^  chemical  affinity :  in  this  aspect  each  order  of  combination 

of  each  kind  of  atom  possesses  its  own  energy,  which  bears  no 

known  relation  to  any  others :  this  specific  energy  is  a  matter 

for  experiment  in  each  case ;  but  the  ener^  given  up  in  the 

act  of  combining  (which  may  be  measured  either  as  heat  or  as 

electric  action)   bears  an  exact  relation  to  what  is  called  the 

affinity  of  the  atoms  forming  that  combination ;  to  break  it  up 

we  must  apply  a  force  equal  to  that  affinity,  and  this  fact  means 

simply  the  law  already  mentioned,  that  in  order  to  separate  the 

atoms  we  must  give  back  to  them  exactly  the  energy  they  parted 

with  when  uniting.     Here  also  we  meet  the  distinction  between 

"  quantity  and  intensity,"  or  current  and  electromotive  force. 

The  same  current  would  release  from  combination  an  equivalent 

of  hydr^en  i  grain,  or  an  equivalent  of  copper  3 1 '  75  grains ; 

but  the  EM  F  needed  would  be  very  different,  and  would  depend 

upon  the  nature  of  combination  broken  up. 

158.  We  must  now  conceive  of  substances  as  consisting  of 
molecules  built  up  of  two  parts,  which  are  called  radicals  in 
chemistry  and  ions  in  Faraday's  electrical  nomenclature.  There 
are  many  substances  containing  several  radicals,  but  we  are  not 
concerned  with  them  electrically,  as  only  those  substances  which 
can  form  or  break  up  into  two  radicals  are  electrolytes,  or  give 
this  kind  of  passage  to  electric  currents.  These  radicals  may 
he  similar  atoms,  as  in  metals,  or  they  may  be  dissimilar  atoms  or 
ndioals,  as  in  salts :  all  that  is  to  be  attended  to  at  present  is  the 
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type  or  skeleton  of  matter  as  related  to  electricity,  and  the  giving 
to  this  such  a  definite  form  as  shall  enable  the  actions  to  be 
understood.    These  two  constituent  radicals  are  varionslj  named. 


as — 


Electro-positive 

Electro-negative 

Basylous 

Chlorous 

Cation 

Anion 

Basic 

Acid 

such 

as — 

Hydrogen 

Chlorine 

Metals 

Sulphuric  radical 

Some  substances  act  as  either  radical,  according  to  what  they 
are  united  with,  but  in  the  electric  circuit  the  radicals  belonging 
to  the  first  column  turn  towards  the  negative  face  or  plate,  and 
the  second  column  towards  the  positive  face  or  plate. 

The  two  radicals  are  held  together  in  a  twofold  manner  : — 

(i)  By  the  valency  of  the  radicals  themselves:  §  6.  This 
oonstitutes  the  several  classes  of  monobasic,  bibasic  acids,  &c 

(2)  By  the  specific  energy  of  the  individual  substance. 

Each  of  these  bonds  has  a  distinct  electrical  relation.  The 
first  governs  what  is  called  ''quantity,"  and  its  actions;  it 
constitutes  what  has  been  called  the  "  equivalent  of  electricity.*' 
The  second  governs  the  E  M  F  generated,  or  necessary  to  enable 
the  current  to  pass  when  decomposition  has  to  be  effected,  and 
is  the  basis  of  the  old  ideas  of  intensity.  A  purely  mechanical 
representation  will  fix  these  ideas,  but  it  must  be  remembered 
that  this  alone  is  its  object,  not  to  give  a  material  conception  of 
actual  molecules. 

Let  us,  then,  typify  the  molecules  as  consisting  of  two  parts 
held  together  by  spiral  springs;  the  number  of  the  springs 
corresponding  to  the  valency  of  the  radicals,  and  the  strength  of 
the  springs  corresponding  to  the  specific  energy  of  the  particular 
compound.    We  shall  thus  get : — 

Fia.  43. 
I  2 

But  either  the  one  or  other  of  these  single  radicals  may  be 
replaced  by  separate  atoms  of  single  valency  corresponding  to 
one  of  Fig.  43,  2  or  3,  as  shown  in  4.    Thus  Type  i  represents 
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the  union  of  single  monad  atoms,  such  as  metallic  silver  Ag.  Ag., 
hydrochloric  acid  HCl,  common  salt  NaCl.  Type  2  represents 
metalHo  copper,  zinc,  &c.,  and  sulphates  of  those  metals,  CUSO4, 
ZUSO4.  By  regarding  the  +  radical  as  composed  of  two  distinct 
monads,  as  in  4  a,  it  represents  the  sulphate  of  sodium  Na2S04, 
ffolphurio  acid  HsS04,  and  corresponding  suhstances  ;  or  hy 
regarding  the  —  radical  as  similarly  divided,  it  includes  the 
chlorides  and  nitrates  of  dyad  metals,  as  zinc  chloride  ZnOU* 
The  same  applies  to  all  the  other  classes. 

159.  The  atomic  weights  are  purely  relative ;  they  apply  to 
proportions  only,  whether  grains  or  tons ;  but  if  we  give  them 
a  fixed  meaning  these  molecular  types  give  us  the  most  perfect 
possible  unit  of  electric  quantity  and  current.     Let  us  consider 
the  weight  as  taken  in  grains ;  then  taking  hydroij^en  i  grain 
and  I  valenoy  as  our  heae,  we  have  the  unit  of  quantity  as  that 
necessary  to  set  free  from  combination  i  grain  weight  of  hydro- 
gen or  I  atom  of  any  monad,  or  to  do  equivalent  work  in  any 
other  atom ;  thus  iron  56  grains,  or  zinc  65  *  2,  would  require 
two  units  of  quantity  to  set  them  free,  or  would  furnish  two 
units  themselves  while  dissolving.     To  convert  this  into  '*  cur- 
rent," time  has  to  be  taken  into  account,  and  for  convenience  of 
calculation  I  take  ten  hours.     Then  we  measure  electric  currents 
by  I  grain  of  hydrogen,  or  equivalent  action  in  ton  hours.     This 
unit,  from  its  source  1  call  a  ^^chemic,"  and  throughout  this 
work  this  is  what  is  meant  by  a  imit  of  current,  while  the  term 
unit  of  any  substance  means  the  quantity  equivalent  to  this 
current  as  shown  CoL  vi.  of  Table  XIII.  for  elements,  and  more 
generally  in  Col.  v.  Table  V.  §  251.     The  convenience  and  im- 
portance of  these  units  will  be  seen  in  the  facilities  they  give 
for  estimating  the  work  and  cost  of  batteries. 
^  160.  The  galvanic  cell  must  be  regarded  for  some  reasons 
simply  as  a  section  of  the  conductor  conveying  the  current ; 
and,  as  the  first  law  of  the  circuit  is  that  the  "quantity," 
•*  current,"  or  equivalent  electric  action  is  equal  at  every  part 
of  the  circuit,  the  battery  obeys  this  law.     In  each  cell  an 
electric  equivalent  of  zinc  is  dissolved  by  an  equivalent  of  acid 
for  every  equivalent  of  metal  deposited,  or  other  work  done 
which  requires  a  "  quantity  "  equal  to  that  of  one  unit  or  chemic 
current,  no  matter  whether  the  action  be  fast  or  slow.     **  Quan- 
tity," then,  means  merely  the  equivalent  of  chemical  action — 
the  passage  of  energy  along  one  of  the  chains  of  affinity,  §158. 
By  this  means  we  can  calculate  the  cost  of  every  kind  of 
chemical  or  other  work,  knowing  the  rate  of  current  to  be 
maintained,  and  ascertaining  the  electromotive  force  needed  to 
maintain  it  under  the  given  conditions.    For  this  purpose  I 
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have  drawn  up  Table  Y.,  §'251,  which  is  used  in  the  calcnlatioiif 
relative  to  the  different  cells. 

161.  The  EMF  generated  by  a  chemicctl  action  depending 
on  the  degree  of  the  affinity  at  work  in  that  action,  that 
generating  snbBtance  is  best  which  has  the  greatest  attraction 
for  the  radical  of  the  acid,  bnt  practical  considerations  limit  ns 
to  iron  and  zinc  as  the  cheapest ;  both,  however,  have  the 
drawback  that  they  maintain  their  action  whether  we  want  the 
force  they  can  give  ns  or  no;  pure  zinc  is,  however,  very 
slightly  acted  on,  except  when  the  conducting  circuit  is  closed, 
while  ordinary  zinc  is  continuously  dissolved.  The  reason  of 
this  difference  is  by  no  means  clearly  known,  though  it  is  usually 
attributed  to  the  presence  of  foreign  metals  setting  up  little 
local  circuits  :  and,  therefore,  this  waste  action,  which  con- 
tributes nothing  towards  the  generation  of  current,  is  called 
*'  local  action."  It  has  been  discovered  that  common  zinc,  when 
amalgamated  with  mercury,  is  not  much  acted  on,  and  this 
seems  to  render  this  explanation  somewhat  doubtful.  However, 
a  well-amalgamated  plate  is  scarcely  acted  on  in  dilute  sul- 
phuric acid,  but  the  presence  of  nitric  acid,  or  metallic  salts, 
does  away  with  the  protection,  which  appears  to  depend  chiefly 
on  the  adhesion  of  a  film  of  hydrogen  gas  to  the  surface,  whidt 
prevents  contact  with  the  liquid.  When  the  circuit  is  closed 
the  hydrogen  is  transferred  to  the  negative  plate,  and  the 
protection  is  removed,  while  the  conditions  of  discharge  bring 
fresh  actions  into  play.  Amalgamation  also  renders  the  zinc  a 
better  source  of  electricity,  as  it  is  more  positive  than  ordinary 
metal.  Zinc  should  always  be  well  amalgamated  for  use  in 
cells  with  acids;  but  it  is  of  less  consequence  in  presence  of 
saline  solutions. 

162.  Amalgamation.— Care  should  be  taken  to  use  only  pure 
mercury;  much  of  that  sold  contains  lead  and  tin,  which  are 
mischievous.  The  mercury  should  be  kept  for  some  time  in  a 
bottle,  with  dilute  nitric  acid  over  it,  and  occasionally  shaken 
up.  To  amalgamate  zinc,  wash-  it  first  with  strong  soda,  to 
remove  grease ;  then  dip  it  in  a  vessel  of  water  containing  one- 
tenth  of  sulphuric  acid,  and  as  soon  as  strong  action  takes  place 
transfer  it  to  a  dish  (such  as  a  soup-plate) ;  pour  mercury  over 
it,  and  rub  it  well  till  a  bright  silver-like  film  forms ;  then  set 
it  up  to  drain  on  edge,  and  before  use  rub  off  any  globules 
which  are  set  free.  Whenever  the  zinc  shows  a  grey  granular 
surface  (or  rather  before  this^  brush  it  well  and  reamaJgamate, 
remembering  that  saving  of  mercury  is  no  economy,  and  free 
use  of  it  no  waste — for  it  may  all  be  recovered  with  a  little  care. 
Keep  a  convenient  sized  jar  or  vessel  solely  for  washing  adnoB 
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in,  and  brush  into  this  the  dirty  grey  powder  which  forms  and 
is  an  amalgam  of  mercury  with  zinc,  lead,  tin,  <&c.,  and  forms 
ronghnesses  which  reduce  the  protection  of  amalgamation. 
This  waslimg  should  be  done  whenever  a  plate  is  removed,  and 
never  less  than  once  a  day  if  in  regular  use ;  the  fibre  brushes 
sold  at  3<2.  and  aA.  as  coarse  nail-brushes  are  excellent  for  these 
purposes,  but  oi  course  must  not  be  left  soaking  with  acids. 
Let  the  powder  collect  for  a  tim^  and  then  transfer  it  to  a 
bottle,  in  which  wash  it  with  sulphuric  acid  first,  and  then  with 
dilute  nitric  acid,  and  you  will  recover  the  mercury;  or  the 
dried  powder  may  be  mixed  with  a  little  salt  and  distilled  over 
from  an  iron  retort  into  water. 

1 63.  Boiled  zinc  should  always  be  used  in  preference  to  cast. 
The  latter  is  very  hard  to  amalgamate,  and  has  less  electro- 
motive power,  but  for  rods  for  use  in  porous  jars,  and  par- 
ticularly with  saline  solutions,  cast  zinc  is  very  commonly 
used.  In  this  case,  great  care  should  be  taken  to  use  good  zinc 
cuttings,  removing  any  parts  with  solder  on  them,  and  using  a 
little  nitre  as  a  flux,  which  will  remove  a  portion  of  the  foreign 
metals. 

BoUed  sheet  zinc,  from  one-sixteenth  to  a  quarter-inch  thick, 
suitable  for  cylinders  and  plates,  costs  about  4^.  per  pound. 
The  simplest  way  to  cut  it  to  size  is  to  scratch  a  groove  with  a 
steel  point,  such  as  a  bradawl ;  run  first  acid  solution,  and  then 
mercury  along  this  groove,  and  allow  it  to  penetrate;  then 
repeat  the  process  on  the  other  side,  when  the  metal  is  easily 
broken :  it  may  also  be  cut  with  a  handsaw.  Zinc  possesses  a 
peculiar  property  of  softening  with  a  moderate  heat,  so  that 
hard  and  brittle  as  the  metal  is,  it  can  easily  be  bent  up  into 
small  cylinders,  if  held  in  front  of  a  good  fire  till  too  hot  to 
handle  with  the  naked  hand,  and  then  bent  round  a  piece  of 
wood  or  metal. 

164.  SuLPHUEic  Aero. — This  is  the  most  important  excitant 
used  m  ordinary  batteries.  Eeal  0.  V.  oil  of  vitriol  has  a  specific 
gravity  of  i  '845,  and  contains  about  99  per  cent,  of  the  true 
add  (H«S04) ;  it  is  of  a  clear  colour,  and  has  an  oily  appearance : 
this  is  the  acid  always  meant  when  sulphuric  acid  is  spoken  of. 
Brown  oil  of  vitriol  is  the  ordinary  product  of  the  chambers,  or 
this  boiled  down  in  lead  pans,  and  contains  variable  quantities 
of  acid.  This  is  a  question  of  price  only,  but  this  acid  often 
contains  impurities  of  serious  consequence. 

Brown  colour  may  be  due  to  dissolved  organic  matter,  straw, 
^&c.,  and  is  of  no  moment. 

Ar9enie  is  often  present,  and  must  be  strictly  avoided,  as  it 
onites  with  the  hydrogen  given  ofi^,  forming  a  deadly  poison 
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when  strong,  and  being  in  any  case  injmiotiB  to  health.  It  is 
detected  by  diluting  the  acid,  and  passing  a  stream  of  sulphu- 
retted hydrogen :  arsenic  forms  a  yellow  precipitate. 

Letid  is  often  present  as  sulphate,  and  must  be  carefdlly 
removed,  or  it  will  deposit  on  iiie  negative  metal ;  it  is  only 
necessary  to  dilute  the  acid  in  a  separate  vessel,  allow  it  to 
cool,  and  filter  it  oflf  before  use. 

NUrous  acid  is  often  present  and  wastes  the  zinc  by  deslsoying 
the  hydrogen  film,  but  is  otherwise  of  no  consequence. 

The  addition  of  a  half  per  cent,  of  colza  or  other  oil  to  ^e  add 
before  dilution,  shaking  well  together,  precipitates  the  metds 
as  soaps  and  forms  a  sulpho-glyceric  acid  wluch  is  said  to  pro- 
tect the  amalgamation. 

The  strength  of  acid  used  in  batteries  may  vaiy  from  011&- 
twentieth  to  one-tenth  by  measure  of  acid  to  water. 

Table  II. — Specific  Gravity  of  Sulphuric  Acid. 

One-twentieth,  volumes    ..     ..  1*055         70  per  cent  1*598 

One-tenth  „         ....  i*  100         80      „  i'7o8 

One-third  „         ....  1-259         90       „  1-807 

50  per  cent,  weight 1*388  zoo      „  1*846 

60        „  „         1*486 

The  third  line  is  that  strength  which  has  least  resistance,  and 
may  be  used  in  voltameters.  Very  strong  acid  cannot  be  used 
in  batteries,  as  there  must  be  at  least  water  enough  to  dissolve 
the  sulphate  of  zinc  as  formed.  A  good  solution  is  made  by 
mixing  i  part  by  bulk  with  10  of  water,  which  should  be  soft, 
as  water  containing  lime  is  apt  to  form  a  deposit  on  the  metal 
surfaces ;  if  hard,  it  should  be  boiled  before  use.  100  grains  by 
measure  of  such  a  solution  will  dissolve  about  11^  grains  of 
commercial  zinc ;  but  it  is  bad  economy  to  nearly  saturate  the 
acid,  particularly  if  several  cells  are  combined  in  series,  as  zinc  is 
apt  to  be  deposited  on  the  lower  part  of  the  negative  plate,  which 
is  thus  destroyed  for  the  time,  and  from  which,  as  the  zinc  is 
pure,  it  is  a  troublesome  process  to  dissolve  it.  But  allowing 
for  impurity  in  zinc,  local  action,  and  a  due  proportion,  or 
about  one-fifth  of  free  acid  left,  one  pint  of  this  solution  would 
dissolve  about  if  oz.  of  zinc.  We  may  thus  calculate  the  work 
a  cell  is  capable  of  doing  as  about  equal  for  each  pint  of  solution 
to  24  equivalents  or  units,  and  the  cost  per  unit  of  the  single 
acid  cells  (Hue  27  Table  V.)  '0438  of  a  penny,  taking  amalga- 
mated zinc  at  6<2.  per  lb. 

165.  Hydrochloric  Acid. — This  will  serve  equally  as  welf 
as  siuphuric,  but  is  seldom  used  because  it  is  dearer;  it  also 
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evaporates  and  gives  off  injurious  fames.   It  has  advantages  also, 
because  the  chloride  of  zino  formed  will  not  crystallize  and  the 
solution  can  be  more  closely  worked  out.    The  common  acid  is 
generally  contaminated  with  a  little  iron.     See  §§  206  and  211. 
166.  As  a  general  rule  cells  are  used  which  are  too  small, 
and  little  regard  is  paid  in  proportioning  them  to  their  work ; 
this  is  no   doubt  due  chiefly  to  a  want  of  consideration  of 
cause    and  effect,  and  to  the  work  being  seldom  regarded  as 
a  definite  qiiantity.    It  is  impossible  for  a  small  cell  to  work 
regularly,  because  the  liquid  rapidly  changes  its  nature.    In 
double  liquid  cells  care  should  be  taken  that  the  two  are  so 
proportioned  as  to  contain  the  relative  quantities  of  the  two 
liquids   required  for  the  work  to  be  done,  so  that  neither  is 
wasted  ;  and  Table  V.  will  show  what  these  quantities  are.     In 
some  cases,  for  practical  reasons,  it  is  best  for  the  elements  to 
be  in  the  form  of  plates,  but  in  many  cells  they  are  cylinders ; 
and  then  the  question  arises,  which  should  be  the  outer  one,  the 
zinc  or  the  negative?    This  question  may  be  put  in  another 
form :  if  the  plates  differ  in  size,  which  should  be  the  largest  ? 
There  are  two  good  reasons  why  the  negative  metals  should 
be  largest,      (i)  The  zinc  is  subject  to  local  action,  or  waste, 
which  contributes  nothing  to  the  work,  and  therefore  its  size 
should  be  reduced  to  just  that  amount  which  is  requisite  to 
maintain  the  current  required.     (2)  The  negative  plate  is  sub- 
ject to  **  polarization  "  or  deposit  of  hydrogen  upon  it,  and 
should  therefore  be  as  large  as  possible,  §  168.     After  a  great 
many  trials,  I  have  come  to  the  conclusion  that  the  best  arrange- 
ment is  one  in  which  the  negative  element  is  a  cylinder  fixed 
within  the  containing  vessel,  in  the  middle  of  which  the  zinc 
can  be  suspended. 

167.  Among  the  various  forms  of  battery  known,  that  one 
should  be  selected  whidi  best  suits  the  work  required  to  be 
done,  for  none  is  perfect  or  equally  fit  for  all  work.  A  perfect 
cell  would  be  one  which  would  contain  a  large  quantity  of 
material  in  small  space;  would  generate  high  electromotive 
force ;  would  not  alter  its  properties  during  work  ;  would  have 
small  internal  resistance ;  and  would  act  chemically  only  while 
its  electric  circuit  is  closed.  These  qualities  resolve  themselves 
into  capacity  for  voork  and  constancy. 

Capacity  for  work  depends  on  two  conditions:  (i^  the  amount 
of  active  materials  contained  in  the  cells,  to  which  is  related 
**  quantity  "  or  "  current " ;  (2)  the  amount  of  energy  liberated 
by  the  equivalent  action,  §  158,  on  which  depends  the  electro- 
motive force. 
The  first  of  these  conditions  is  controlled  by  the  size  of  the 
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cells  themselves,  §  i66,  and  by  the  solubility  of  the  material 
employed  or  generated  by  the  action.  Each  equivalent  of 
material,  that  is  of  all  the  substances  taking  part  in  the  action, 
will  generate  i  unit  of  electric  quantity,  or  maintain  i  chemic 
of  current,  provided  it  is  not  wasted  by  local  actions.  The 
second  condition  calls  for  a  sketch  of  the  terms  necesaaiy  to 
understand  the  subject. 

1 68.  Eleciromotwe  forcej  shortly  written  EMF  and  sym- 
bolized by  E  in  formulsB,  measures  the  generative  power  in 
terms  of  potential,  §  78,  p.  6i,  that  is  of  the  capacity  to  generate 
current,  or  of  the  capacity  to  overcome  resistance.  It  depends 
entirely  upon  the  "  intrinsic  energy  "  set  free  by  each  equii^ent 
acting  chemically,  and  then  charged  upon  the  chain  of  equiva- 
lents in  which  this  action  occurs.  Therefore  it  is  mUir^ 
independent  of  the  size  of  the  plcUes  or  cells,  A  simple  experiment 
will  fix  this  in  the  mind.  Take  a  piece  of  copper  smd  cut  a 
piece  of  several  square  inches,  and  also  a  strip  like  a  thin  wire ; 
do  the  same  with  a  piece  of  sheet  zinc ;  attach  the  coppers  and 
zincs  to  wires  and  wrap  the  zincs,  after  amalgamating  them,  in 
several  folds  of  blotting  paper.  Connect  the  wires  to  the 
terminals  of  a  galvanometer  and  dip  the  large  pair  into  a  vessel 
of  dilute  acid ;  a  deflection  will  occur,  tr^tcA  wiU  rapidly  dindmsk: 
attach  the  small  pair  and  note  how  much  smaller  the  deflectian, 
which  also  will  diminish  even  more  quickly.  Here  we  have 
different  quantities  or  currents  arising  from  the  same  chemical 
action,  because  the  larger  surfaces  enable  a  greater  number  of 
equivalent  actions  to  occur :  this  is  commonly  called  a  difference 
of  internal  resistance.  The  diminution  of  the  deflection  is  due  to 
what  is  miscalled  **  polarization,"  that  is  to  say  to  the  coating 
of  the  copper  plate  with  hydrogen  or  hydride  of  copper,  which 
generates  an  opposing  EMF  and  so  reduces  the  active  force 
available  to  produce  current.  Now  dip  the  plates  into  a 
strong  solution  of  sulphate  of  copper :  the  deflections  will  be 
proportionally  affected  as  before  by  the  size,  but  (i)  they  will 
both  be  greater,  and  (2)  they  will  remain  steady.  The  EMF 
is  greater  in  this  case  by  exactly  the  difference  in  the  energy 
absorbed  from  the  chemical  action  by  the  setting  free  of 
hydrogen  or  copper,  §  1 48.  Also  as  the  copper  plate  is  not  altered 
by  the  coating  of  copper,  as  it  is  by  that  of  hydrogen,  there  is 
no  "  polarization  "  or  counter  EMF  generated. 

Now  join  together  the  wires  from  the  two  coppers,  connect 
those  from  the  zincs  to  the  galvanometer,  and  place  the  plates 
in  sulphate  of  copper  as  before ;  no  deflection  whatever  mil  he  seen. 
The  two  actions  are  opposed  :  that  on  the  small  plates  acts  as  a 
counter  E  M  F  to  that  on  the  large  plates,  and  the  stress  each 
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can  set  upon  the  oircuit  being  equal,  no  current  is  generated : 
the  condition  is  something  like  *'  consequent  poles  "  in  magnetism, 
§  140,  or  the  hydrostatic  paradox,  in  which  a  large  body  of  water 
in,  say  an  open  cask,  is  balanced  by  a  column  of  equal  height  in 
a  small  tube  connected  to  it. 

If  no^w  one  pair  of  plates  is  washed  and  placed  in  the  acid 
while  the  other  remains  in  the  sulphate  of  copper  they  no 
longer  balance,  but  a  deflection  will  be  obtained  corresponding 
to  the  difference  of  the  two  first,  that  is  to  say,  due  to  the 
difference  of  the  two  forces.  The  two  pairs  will  not  balance 
each  other  if  both  are  placed  in  acid,  because  although  they 
generate  equal  E  M  F  at  the  zincs,  the  different  areas  of  the 
coppers  will  result  in  a  stronger  polarization  or  counter  E  M  F 
at  the  smaller  plate:  this  may  not  be  shown  in  balancing 
where  no  current  is  produced,  but  tells  powerfully  in  actuiS 
work. 

The  unit  E  MF  is  called  the  volt,  and  is  a  little  less  than  the 
force  of  a  Daniell  cell,  which  is  volt  i  '079. 

169.  Besittancej  symbolized  by  B,  is  an  expression  of  the 
conditions  of  the  circuit,  its  capacity  to  transmit  current,  and 
the  work  expended  in  doing  so.  It  is  to  be  considered  in  two 
portions  :  (i)  internal^  due  to  size  of  plates,  conducting  power  of 
solutions  and  porous  cells;  (2)  extemaly  due  to  the  nature  of 
the  material  of  the  conductor,  and  the  work  doing.  Work  is 
best  done  when  these  two  are  equal.  But  internal  resistance  is 
com]^arable  to  engine  friction,  it  is  waste :  therefore  the  greater 
the  external  resistance  compared  to  the  internal  the  less  the 
expense. 

The  unit  of  resistance  is  the  ohm,  and  may  be  conceived  as 
represented  by  a  wire  of  pure  copper  •  01  inch  diameter,  10  feet 
long,  and  weighing  2  grains  per  foot. 

170.  Current  measures  the  electrical  action  at  any  section 
of  the  circuit :  it  is  best  represented  by  its  chemical  effects  as 
shown  in  a  voltameter,  and  is  exhibited  at  any  moment  by  its 
definite  magnetic  action  as  shown  in  a  galvanometer.  Its 
symbol  is  G  and  its  unit  the  ampere. 

But  at  this  stage  another  unit,  based  purely  on  the  equivalent 
relations  of  matter  and  electricity,  will  convey  the  facts  more 
clearly  to  the  mind  of  the  student.  This  is  the  chemic 
explained  §  159,  a  current  capable  of  doing  i  unit  or  equivalent 
of  chemical  work  in  grains  per  10  hours. 

17 1.  E  M  F,  resistance,  and  current  are  so  related  that  current 
is  proportional  to  E  M  F  and  inversely  proportional  to  resist- 
ance. That  is  to  say,  if  in  a  given  circuit  we  double  the  E  M  F, 
the  current  will  be  doubled :  if  we  double  the  resistance,  as  by 
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adding  wire,  the  current  will  be  halved.  Bat  we  ahonld  not 
double  the  current,  by  doubling  the  number  of  cells  in  serieB, 
though  that  would  double  the  EMF.  In  such  a  case  we 
should  also  have  increased  the  resistance  by  the  internal  re- 
sistance of  the  added  cells:  if  the  external  resistance  were 
small,  the  current  would  scarcely  be  altered,  because  it  is  the 
total  resistance  of  the  circuit  which  is  to  be  considered,  and 
when  the  external  resistance  is  small,  this  resistance  is  nearly 
all  internal. 

Electromotive  force  is  gained  by  using  cells  of  greater  force 

or  by  connecting  cells  in  "series,  "  that  is  -| ,  ^ ,  which 

also  adds  their  resistances,  and  the  E  M  F  of  a  circuit  is  the  sum 
of  all  forces  thus  added,  which  may  be  those  of  various  kinds  of 
cells. 

Internal  resistance  is  reduced  by  using  plates  of  large  size  or 
by  coupling  cells  together  +  -f-  ai^d  —  — ,  and  then  to  the 
circuit  so  as  to  act  as  one  cell:  different  kinds  of  oells  must 
never  be  coupled  in  this  manner. 

172.  OoMtancy  means,  that  having  once  set  up  a  batteiy 
under  certain  circumstances,  giving  a  cei-tain  current,  then  that 
current  shall  be  steadily  maintained  till  the  materials  of  the 
battery  are  exhausted.  Of  course,  the  conditions  assume  that  the 
external  resistance  remains  unchanged ;  therefore,  inconstancy, 
or  fluctuation  of  current,  may  arise  from  variation  in  either  the 
force  generated,  or  in  the  internal  resistance  of  the  batteiy. 
The  latter  change  occurs  to  some  extent  in  all  oells  from  the 
formation  of  sulphate  of  zinc,  and  the  former  occurs  in  most  in 
consequence  of  so  called  "  polarization, "  §  i68. 

A  battery  which  would  at  all  times,  and  under  all  variations  of 
external  work,  generate  a  uniform  electromotive  force  would  be 
invaluable;  but  none  such  exist,  llie  Daniell,  §  187,  is  the 
nearest  approach  to  it,  and  the  Grove,  §  204,  the  next. 

DurcUion  is  quite  distinct  from  constancy ;  it  depends  entirely 
on  the  cell  containing  materials  enough  to  continue  working 
the  required  period;  this  is  therefore  a  function  mainly  of 
size  of  cell,  as  related  to  the  required  work,  as  is  explained 
§167. 

DentUy  of  cwrrent. — This  means  the  quantities  of  current  re- 
lated to  the  surface  area  of  a  conductor,  such  as  the  plates  of  a 
cell.  Theoretically,  current  is  proportional  to  E  M  F,  but  every 
reaction  has  a  particular  rate  beyond  which  it  cannot  be  pressed 
without  introducing  new  conditions.  Thus  the  rate  at  which 
zinc  can  be  consumed  in  acid  will  depend  upon  the  strength  of 
the  acid,  and  the  deposit  of  copper  can  only  proceed  at  such  a 
rate  as  the  diffusion  of  the  liquid  will  bring  &esh  copper  salt  to 
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repLaoe  that  which  is  reduoed :  so  with  every  action  there  is  a 
masimnm  rate  of  proper  working,  and  if  an  external  EMF 
preeses  the  action  beyond  this  point,  a  counter  EMF  and  in- 
creased internal  resistance  result.  The  consequence  of  this  is 
that  no  oell  can  advantageously  form  part  of  a  circuit  transmit- 
ting a  larger  current  than  the  cell  would  itself  generate  on 
Aori  idreudi^  that  is  with  no  external  circuit,  and  that  the  most 
advantageous  current  a  cell  can  be  called  upon  to  produce  is 
half  of  its  short  circuit  power.  Another  consequence  is  that 
small  cells  should  not  be  put  in  series  with  large  ones  except 
for  passing  currents  adapted  to  the  smallest  size. 

173.  The  simplest  form  of  galvanic  generator,  and.  the  one 
first  devised,  is  the  combination  of  alternate  plates  of  copper 
and  zinc.  Most  electrical  works  employ  a  good  deal  of  space, 
and  many  figures,  in  describing  the  various  forms  devised  by 
way  of  improvement,  by  Cruikshank,  WoUaston,  and  others, 
consisting  ohiefly  of  the  mode  of  arrangement  in  the  containing 
vessels,  we  use  of  double  copper  plates  surrounding  the  zinc, 
and  such  like  matters ;  the  value  of  which  has  been  entirely 
destroyed  by  further  process.  But,  as  the  simple  copper-zinc 
arrangement  is  the  most  unsatisfactory  form  known,  it  is 
wasting  time  and  space  to  describe  such  modifications;  this 
couple  calls  for  attention  simply  for  the  sake  of  principles. 

Copper  and  Zinc — ^When  the  plates  are  first  immersed  in 
dilute  sulphuric  acid,  and  the  wires  connected  to  a  galvanometer, 
a  considerable  deflection  is  produced,  marking  a  powerful 
current,  but  even  in  a  few  minutes  the  effect  rapidly  decreases, 
§  168.  After  a  short  time  the  copper  is  seen  to  be  covered  by 
a  film,  which  is  commonly  said  to  be  oxide  of  copper,  and  the 
other  metals  contained  in  it.  This  is  erroneous,  however,  for 
oxides  could  not  possibly  form  in  the  presence  of  nascent  hydro- 
gen ;  it  is  really  a  combmation  of  this  hydrogen  with  the  metal, 
and  the  diminishing  power  of  the  cell  is  due  to  the  formation  of 
this  hydride  or  alloy,  which  prevents  contact  of  the  copper  with 
the  liquid,  thereby  increasing  the  internal  resistance,  while  the 
a£Gnity  of  the  hydrogen  for  the  acid  radical  resists  the  polarizing 
power  of  the  zinc  and  therefore  diminishes  the  electromotive 
force  of  the  couple  or  cell. 

Pure  copper,  as  deposited  by  the  electrotvpe  process,  has  a 
higher  power,  probably  because  of  its  purity,  but  also  on  account 
of  the  nature  of  its  surfieM>e,  which  is  coveied  with  innumerable 
fine  points,  from  which  the  hydrogen  is  given  off  more  readily 
than  from  a  smooth  surface.  Hence,  if  a  copper  negative  plate  is 
to  be  used,  it  should  have  a  deposit  of  copper  formed  on  it.  The 
rapid  failure  of  power  will  be  observed  in  Table  IV.  p.  168. 
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174.  Iron  asd  Zinc. — ^Iron  has  often  been  recommended  as  a 
negative  element  because  its  surface  keeps  clean.  Its  foroe  is 
Tery  low  as  may  be  seen  by  the  table  of  experiments,  p.  16& 
The  reason  of  its  surface  remaining  clean  is  mainly  that  the 
acid  acts  upon  it  as  well  as  on  the  zinc,  and  thus  causes  much 
waste. 

175.  Silver  Nboative. — ^Thia  acts  very  well,  especially  if  a 
thickish  deposit  is  formed  upon  a  thin  sheet,  so  as  to  obtain  a 
rough  surface.  Such  a  coating  may  be  deposited  on  capper,  but 
deposited  metal  is  always  porous,  and  the  acid  is  always  found 
to  act  upon  the  copper ;  tnis  is  the  only  drawback  to  a  plan 
often  suggested,  of  making  negatives  of  copper-wire  mwod 
plated,  which  otherwise  makes  an  excellent  negative ;  it  should 
never  be  left  in  the  acid  when  out  of  action. 

176.  Platinized  Silver. — Smee  having  assured  himself  that 
the  nature  of  the  surface  was  of  the  greatest  importance,  and 
that  the  hydrogen  is  more  readily  given  oif  from  a  loughstuiaoo 
than  a  smooth  one,  and  also  bearing  in  mind  that  platinum  has 
the  highest  electromotive  force  of  all  the  metals  as  opposed  to 
zinc,  deposited  this  metal  as  a  fine  black  powder  on  the  sur&ce 
of  silver,  and  the  cell  with  this  as  the  negative  plate,  which 
justly  bears  his  name,  is  one  of  the  most  valuable  gifts  ever 
made  to  electrical  science.  But  even  this  cell  rapidly  fails  in 
power,  if  worked  with  a  full  current,  as  may  be  seen  Table  IV. 
p.  168.  In  its  usual  form  the  Smee  battery  is  of  simple  construc- 
tion ;  the  silver  sheet  is  held  in  a  saw-cut  down  the  middle  of 
the  inside  surfaces  of  a  wooden  frame,  of  which  the  top  and 
bottom  bars  may  be  f  inch  thick,  and  the  sides  f ,  the  wood  being 
well  baked  and  soaked  in  melted  parafSn  before  putting  together 
by  the  usual  mortises  and  tenons ;  a  sheet  of  zinc  is  h^d  on  each 
face  by  means  of  a  brass  clamp  with  a  screw,  which  presses 
them  against  the  frame,  and  carries  also  the  binding-screw  for 
the  connection,  that  for  the  silver  passing  through  a  hole  in  the 
top  bar,  and  being  soldered  to  the  silver;  the  zincs  should  be 
narrower  than  the  silver,  in  order  to  give  free  escape  for  the  gas. 
For  large  works  the  sheet  is  frequently  fixed  upon  a  board,  so 
as  to  use  one  side  only,  and  is  placed  outside  the  zinc. 

177.  An  excellent  mode  of  making  connection  to  the  zincs  in 
a  large  cell  is  to  have  a  narrow  trough  containing  mercuiy 
across  the  bottom  of  the  cell,  connected  by  means  of  a  wire 
covered  with  acid-proof  cement,  §  i88,  so  that  merely  standing 
the  plate  in  the  trough  connects  the  zinc  at  once,  and  also  keeps 
up  its  amalgamation ;  a  bar  should  be  provided  in  the  upper 
part  of  the  cell  for  tiie  zinc  to  lean  against.  Each  zinc,  for 
regular  working,  should  be  in  the  form  of  at  least  two  plates ; 
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one  of  them  can  then  he  removed  and  replaced  hy  a  fresh  plate 
without  deranging  the  work  going  on. 

178.  Substitntes  for  silver  have  often  been  proposed,  as  copper, 
lead,  and  an  alloy  of  lead,  tin,  and  antimony ;  they  are  all  bad 
economy,  considering  that  they  give  lower  EMF  and  that 
silver  has  an  intrinsic  value  of  its  own,  even  when  worn  out. 
Boiled  silver  oan  be  obtained  ready  platinized,  or  ordinary 
thin  sheet  can  be  lightly  roughed  with  fine  glass-paper,  or 
by  dipping  in  nitric  acid,  well  washed  and  platinized.    Insert 
in  a  vessel  with  dilute  acid,  and  connect  it  b^  a  wire  to  a  small 
slip  of  zinc  in  a  porous  vessel  in  the  same  acid ;  in  fact,  mount 
it  as  a  battery,  but  exposing  at  first  only  a  mere  touch  of  the 
sine  to  the  liquid ;  drop  in  a  few  drops  of  platinic  chloride,  and 
stir;  gradually  a  faint  colour  forms  on  the  silver;  add  more 
platinum  salt,  and  increase  the  zinc  surface ;  and  after  a  good 
adherent  coat  is  formed,  gradually  increase  Ihe  action  till  the 
surface  is  fairly  covered  with  a  black  coating,  which  touch  as 
little  as  possible.    The  platinum  solution  is  made  by  dissolving 
scraps  of  thin  platinum  in  a  mixture  of  two  parts  of  hydro- 
chloric and  one  of  nitric  acids ;  the  solution  is  very  slow,  and  is 
best  effected  in  a  flask  with  a  long  neck,  in  which  is  inserted  a 
test-tube  filled  with  water,  and  stood  by  in  a  warm  place. 

170.  Carbon  akd  Zinc. — Mr.  Walker  suggested  the  use  of 
graphite  plates,  and  has  used  them  in  batteries  for  tel^raphic 
purposes ;  it  has  also  been  platinized,  which  increases  its  power. 
Owing  to  the  greater  resistance  of  carbon  and  its  power  of  con- 
densing hydrogen,  this  combination  gives  a  lower  current  than 
a  silver  plate  of  the  same  size,  and  has  various  inconveniences 
which  render  it  less  economical  in  the  end  than  silver. 

180.  The  usual  form  of  any  of  these  single  liquid  cells  is  that 
described  for  the  Smee,  §  176,  but  except  for  the  cost  of  the 
larger  negative  it  is  more  advantageous  to  make  this  a  cylinder 
as  large  as  the  jar  wUl  contain.  For  ordinary  or  occasional  pur- 
poses the  best  mode  of  construction  is  to  use  a  ^ar  or  a  wide- 
mouthed  bottle,  and  place  the  negative  element  in  it  as  a  fixed 
cylinder  with  wires  coming  from  it  to  support  it,  which  should 
be  well  covered  with  guttapercha  or  cement,  §  188,  and  to 
these  a  binding-screw  should  be  fixed.  The  top  can  be  closed 
with  a  piece  of  baked  and  paraffined  wood  with  a  hole  in  the 
middle  which  will  just  permit  the  zinc  plate  or  rod  to  be  passed 
in  when  required;  at  other  times  this  opening  oan  be  stopped 
to  prevent  evaporation. 

181.  A  similar  arrangement  can  also  be  made  with  a  porous  jar 
secured  in  the  top,  and  this  may  contain  a  saline  solution  to 
5|iTniiiiaK  action  on  the  zinc.    In  this  case,  there  must  be  pro- 
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Tided  an  opening  in  the  top,  outside  the  porous  jar,  for  the 
purpose  of  changing  the  liquid  and  allowing  gas  to  escape. 
If  the  part  of  the  porous  jar  above  the  liquid  be  well  stopped 
with  paraffin,  §  185  (or  if  merely  a  glass  tube  passes  down  to 
below  the  surface  of  the  liquid),  the  oell  becomes  an  admirable 
voltameter,  if  a  small  tube  is  fixed  in  the  top  to  which  a 
caoutchouc  tube  can  be  added  to  carry  the  ga£  away  to  be 
measured. 

182.  Odda^ndrenda  Cell, — Smee  proposed  what  he  called  an 
'*  odds-and-ends  "  cell,  composed  of  a  jar  in  which  a  quantity  of 
mercury  was  placed  with  scraps  of  zinc,  broken  plates,  or  even 
raw  spelter ;  a  plate  of  platinized  silver  was  then  suspended  in 
the  jar  and  the  acid  solution  added.  *  This  has  been  tried  by 
many,  but  has  seldom  given  satisfaction.  It  is,  however,  well 
suited  to  operations  requiring  a  continued  current,  as  the  chief 
objection  is  the  great  local  action,  especially  when  so  oonstmcted 
that  platinum  can  fall  on  the  zinc  and  mercury.  The  following 
modification,  however,  will  be  found  useful  for  working  up  scrap 
zinc,  as  it  can  be  inserted  in  the  liquid  just  while  required. 
Take  a  vessel,  such  as  an  old  porous  jar,  and  pierce  its  waDs 
with  holes,  or,  make  one  of  guttapercha,  which  is  stronger ;  the 
lowest  inch  or  so  is  not  perforated,  as  it  is  to  contain  mercury, 
to  the  bottom  of  which  is  plunged  a  stout  copper  wire,  amal- 
gamated at  its  end,  but  covered  everywhere  else  with  gutta- 
percha and  cemented  to  the  side  of  the  vessel,  reaching  to  its  top, 
where  it  is  to  be  soldered  to  a  bindingnscrew  which  is  the  sine 
connection.  All  the  rest  of  the  surface  is  pierced  with  as  many 
holes  as  possible,  consistently  with  strength,  to  allow  free 
circulation  of  liquid.  It  is  then  filled  up  with  pieces  of  zinc, 
amalgamated  and  in  as  close  contact  as  may  be;  tiie  whole  acts 
and  is  used  just  as  if  it  were  an  ordinary  plate.  The  mercury 
is  subject  to  little  waste,  but  now  and  then  the  whole  should  be 
removed,  well  shaken  up  together,  and  repacked,  and  at  times 
the  mercury  as  it  becomes  charged  with  metals  should  be  filtered 
by  squeezing  through  a  wet  chamois  leather,  the  residue  being 
preserved  and  add^  to  the  collection  described  §  i6a.  This 
zinc  cell  may  be  used  either  in  any  form  of  single  acid  cell,  or 
in  a  Daniell  or  other  cell,  within  a  porous  jar. 

The  cost  of  such  a  cell  working  with  zinc  worth  at  most  3<i. 
per  lb.  would  be  about  *  02  84  of  a  penny  per  unit.  For  operations 
on  a  large  scale,  perhaps  the  best  form  is  a  cell  like  Fig.  45»  §  1 88. 
one  side  charged  with  zinc  sulphate,  having  a  la^er  of  mercury 
at  the  bottom  for  the  scrap  zinc,  the  other  containing  the  silver 
plate  and  acid. 

183.  AU  the  combinations  described  so  far  have  two  faults. 
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(i)  We€Ukne8».  Owing  to  the  force  being  largely  absorbed  by  the 
eecaping  hydrogen,  their  electromotive  force  is  low,  and  any  large 
resistanoe  greatly  reduces  the  current  they  can  yield:  their 
utmoBt  S  M  F  is  volt  1  - 1  and  in  actual  working  this  will  fall  to 
0-5-  ^2)  Want  of  constancy,  as  shown  by  the  rapid  fall  in  the 
expenments,  Table  IV.,  which  however  may  be  partially  over- 
come by  largely  increasing  the  negative  surface. 

184.  Two  Liquid  Cells. — For  many  purposes  constancy  is 
eeaential,  and  it  is  desirable  in  all,  hence  continual  efforts  have 
been  made  to  overcome  these  two  defects,  and  with  considerable 
BUOoeBS,  though  a  really  constant  battery  has  yet  to  be  discovered 
notwithstanding  the  praises  bestowed  by  manufacturers  and 
patentees  on  several  forms.  As  yet  approximate  constancy  is 
only  to  be  obtained  by  the  use  of  two  agents,  one  acting  on  the 
sdnCy  the  other  absorbing  the  hydrogen  at  the  negative  plate, 
and  the  snooess  is  the  greater  in  proportion  to  the  degree  in 
which  this  negative  plate  and  liquid  can  be  kept  in  their  normal 
condition  as  to  conductivity  and  chemical  action.  Hence  they 
all  require  a  separating  medium,  as  to  which  a  few  practical 
observations  will  be  of  value. 

185.  PoBOUS  Jabs. — At  first,  animal  membranes,  bladders,  ox 

gullets,  &c.,  were  employed.    In  some  cases  good  paper  is  useful, 

especially  the  parchmentized  paper.    In  experiments  requiring 

great  resistance,  glass  tubes  plugged  with  plaster  of  Paris,  or  even 

clay,  are  employed ;  for  small  experiments  or  for  platinizing  silver 

the  bowl  of  a  tobacco  pipe  may  be  used.    For  practical  purposes, 

however,  unglazed  earthenware  is  universally  employed  and  may 

be  obtained  in  any  form  or  size.    There  are  many  qualities,  and 

they  must  be  adapted  to  the  special  purpose.    These  porous  jars 

act  only  by  the  liquid  they  absorb,  and  as  they  very  greatly 

reduce  the  area  of  Uquid  through  which  the  action  takes  place, 

of  course  they  greatly  increase  the  internal  resistance,  and 

diminish  the  action ;  nor  is  it  possible  to  prevent  some  mixture 

of  the  two  solutions  thus  separated,  which  causes  waste  by  local 

action,  besides  affecting  the  regularity  of  the  actions.    Hence 

for  long  sustained  action  a  thick  and  close-grained  jar  must  be 

used,  while  an  open  and  more  porous  one  suits  best  for  short 

periods  and  strong  action.    The  most  porous  ones  are  of  a  red 

colour  and  soft  material,  the  finest  and  most  enduring  are  dose- 

gndned  and  white ;  a  good  material  is  soft  and  may  be  scraped 

^th  a  knife.    The  best  test  is  to  fill  them  with  water  and  see 

how  long  it  is  before  it  forms  a  dew  on  the  outer  surface ;  if  it 

i^urn  off,  the  jar  is  not  fit  for  use.     It  is  a  great  improvement  to 

render  the  bottom,  and  still  more  the  part  which  is  to  remain 

above  the  liquid,  non-absorbent.    If  this  is  not  done  the  salts 
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rise  up,  effloresce,  crystallize,  and  disintegrate  the  jar.  For  the 
same  reason  jars  taken  out  of  the  liquids  must  not  be  permitted 
to  dry,  but  should  be  kept  soaking  in  water  to  prevent  tiieir 
destruction.  This  is  of  particular  importance  with  jars  used  &r 
the  Daniell's  cell,  as  they  are  very  apt  to  get  nodules  of  copper 
deposited  on  them  wherever  the  zinc  has  touched  the  iimer 
surface,  and  particularly  at  the  bottom,  where  drops  of  meicuiy 
or  flakes  of  zinc  fall,  and  then  the  cell  is  very  soon  reudered 
worthless ;  if  this  occurs,  the  spot  of  metal  should  have  some 
cement  or  guttapercha  laid  over  it,  so  as  to  render  it  nan- 
conducting.  Some  porous  jars  are  glazed  at  the  upper  part; 
when  this  is  not  the  case  they  should  be  rendered  non-absorbent 
by  standing  in  a  thin  layer  of  paraffin  kept  just  above  its  melting 
point,  till  this  has  been  soaked  up  as  far  as  is  required. 

i86.  Electric  Endosmose. — Whenever  two  liquids  of  diffisrent 
nature  are  separated  by  a  porous  diaphragm  they  each  pass  over 
into  the  other  and  become  mixed :  this  action  is  called  endosmom 
and  the  sole  use  of  the  diaphragm  is  to  diminish  the  rate  of 
mixture.  This  action  occurs  in  both  directions,  but  when  an 
electric  current  passes  through  liquids  thus  separated,  the  liquid 
travels  with  the  positive  current,  with  such  a  force  as  to 
counterbalance  a  large  difference  of  level.  I  have  known  zinc 
cells  to  be  nearly  emptied  by  this  means  when  a  strong  current 
was  passing.  It  appears  as  though  the  actual  substance  under- 
going decomposition  were  not  the  pure  bodies  spoken  of  §  i  <8, 
but  compounds  of  these  with  water,  and  that  this  accompanies 
the  +  ion :  but  it  is  also  found  that  the  bulk  carried  by  a 
current  is  greater  with  bad  conducting  solutions  than  with 
good  conductors.  The  laws  ascertained  by  Weidemann  are: 
(1)  The  quantity  which  flows  out  in  equal  times  is  directly 
proportional  to  the  strength  of  the  current.    (2)  The  quantities 


flowing  out  are,  sdl  other  conditions  being  equal,  independent  of 
the  size  of  the  porous  substance.  (3)  The  height  to  whic^  a 
current  will  cause  a  liquid  to  rise  is  directly  proportional  to  the 
extent  of  the  porous  surface.  (4)  The  force  with  which  an 
electric  tension  urges  a  liquid  across  the  partition  is  equivalent 
to  a  pressure  proportional  to  that  tension. 

187.  The  Danikll's  Cell. — This,  the  first  devised  improve- 
ment, is  also  the  most  successful  attempt  to  obtain  constancy. 
To  it  also  we  owe  the  discovery  of  the  electrotype  process,  and 
all  it  has  grown  into.  Its  principle  is,  that  copper,  as  the 
negative  metal,  is  surrounded  by  a  solution  of  a  salt  of  copper, 
which  is  reduced  ;  instead  of  hydrogen,  copper  is  set  free,  and  it 
is  deposited  on  the  negative  surface,  which  is  thus  kept  con- 
stantly renewed.  The  acid  of  the  salt  is  transferred  by  electro- 
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lysis  to  the  positiye  metal,  through  the  porous  medium,  henoe  if 
a  freeh  snpply  of  the  salt  is  added  to  the  solution  to  replace  that 
removed,  this  part  of  tbe  arrangement  remains  constantly  in  the 
same  condition  :  but  still  absolute  constancy  cannot  be  obtained, 
beoaxise  as  the  zinc  dissolves,  the  solution  belonging  to  it 
becomes  less  active  and  less  conducting.  The  great  drawback 
to  this  cell  is  that  the  copper  salt  passes  by  endoamase  into  the 
zinc  solution,  and  acts  on  the  zinc  where  the  copper  is  deposited, 
and  causes  great  waste  by  setting  up  local  actions.  It  is  to 
diminish  this  that  a  great  variety  of  forms  have  been  suggested, 
known  by  the  names  of  the  proposers  and  patentees,  some  of 
which  are  described  below.  A 
plan  I  have  found  to  answer  Fio.  44. 

with  large  cells  for  long-con- 
tinued experiments  in  which 
constancy  was  important,  is 
to  use  a  larger  porous  jar 
outside  the  zinc  one,  filling 
the  space  between  them  with 
a  strong  solution  of  zinc  sul- 
phate, and  some  zinc  cuttings 
to  decompose  any  oopper  sidt 
entering;  the  inner  cell  is 
thus  kept  nearly  free,  but  of 
course  the  internal  resistance 
is  somewhat  increased.  The 
ordinary  form  of  the  Daniell 
is  shown  in  Fig.  44:  a  the 
copper  vessel  fitted  with  a 
reservoir  h  for  the  crystals, 
c  the  porous  cell,  d  the  zinc 
rod  suspended  in^it  hjr  a  bar 

passing  through  it.  The  part  of  the  copper  cylinder  within  the 
reservoir  is  of  course  perforated,  and  should  be  well  varnished. 
Modes  of  construction  may  be  varied  to  Any  extent.  Thus 
instead  of  a  copper  containing  vessel,  a  glass  or  earthen  jar 
may  be  used  with  a  cylinder  of  sheet  copper,  or  such  ajar  may 
be  covered  inside  with  a  film  of  wax,  blackleaded,  and  the  depo- 
sited copper  will  form  its  own  surface,  but  the  first  is  the  best 
plan,  especially  as  the  sulphate  of  copper  has  a  great  tendency 
to  dimb  up  glass  surfaces,  on  which  it  crystallizes  and  finds  its 
^ay  by  degrees  to  the  outside. 

188.  Instead  of  cylinders,  flat  plates  may  be  used  in  a  vessel 
across  which  a  plate  of  porous  material  is  fixed,  and  this  form 
W  several  advantages,  among  others  it  is  easy  to  m^e  the  cell 
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itself  serve  as  a  depositing  vessel  by  using  models,  seals,  &c.,  in 
fact  any  object  we  wish  to  copy,  as  the  negative  surface,  by 
suspending  these  to  a  rod  which  forms  the  -|-  pole  of  the  battery. 
This  is  in  fact  what  is  called  the  single-cell  process  of  electro- 
typing.  In  this  case  the  cell  is  best  made  of  wood,  lined  with 
a  resinous  cement ;  guttapercha  may  be  used,  but  has  the  dk- 
advantage  of  facilitating  the  creeping  process  of  acids  and  salts, 
which  is  troublesome  and  messy,  besides  causing  loss  of  pow^ 
by  establishing  paths  by  which  the  force  escapes.  Four  parts 
resin  melted  with  one  of  guttapercha,  and  a  small  quantity  of 
boiled  oil  answers  perfectly ;  the  wood  should  be  perfectly  dry 
and  warm  when  it  is  applied.  A  similar  cement  with  a  larg^ 
proportion  of  guttapercha  may  be  used  for  covering  wires,  fist 
heating  them  so  as  to  insure  adherence ;  for  this  purpose  it 
should  be  run  into  sticks.  Such  an  apparatus  is  shown  in 
Fig.  45  :  a 6  is  the  box  divided  by  the  porous  partition  d;  eis 
a  place  for  holding  the  crystals ;  e  and /are  two  bars  of  metal, 
to  which  are  hung  the  objects  to  be  copied  and  the  sine  plate, 

Fig.  45. 


and  each  is  fitted  with  the  necessary  binding-screw.  The  ban 
being  movable,  it  is  easy  to  regulate  the  distances,  and  so  to 
control  the  action,  by  altering  the  internal  resistance.  This 
apparatus  answers  admirably  for  a  voltameter  by  using  a  light 
copper  plate  and  weighing  it  after  the  conclusion  of  an  experi- 
ment, §  350. 

The  Daniell  cell  will  also  serve  as  an  approximate  measurer  of 
current  by  the  solution  of  the  crystals.  As  these  contain  one- 
fourth  their  weight  of  copper,  the  quantity  needed  for. a  given 
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work  is  easily  calctQated,  and  if  this  is  put  in  the  reservoir, 
when  dissolved  it  will  indicate  the  completion  of  the  work :  or 
if  it  is  desired  to  deposit  a  particular  weight  of  copper,  the  com- 
pletion is  shown  by  the  fact  of  solution  if  four  times  that 
weight  of  crystals  is  placed  in  the  receiver :  but  sulphate  of 
copper  is  often  very  impure,  iron  and  zinc  replacing  the 
copper,  and  therefore  the  salt  should  be  examined. 

189.  Instead  of  a  fixed  porous  partition  a  fiat  porous  cell  may 
be  used  to  contain  the  zincs,  so  as  to  have  copper  on  both  sides. 
In  this  and  in  other  cases  a  convenient  connection  to  the  zincs 
is  a  bar  of  wood  crossing  the  cell  with  a  deep  channel  in  it  to 
contain  mercury  or  a  row  of  mercury  cups  let  in  it,  all  connected 
by  stout  copper  wires  to  a  binding-screw  at  the  end  of  the  bar ; 
the  zincs  nave  a  stout  copper  wire  soldered  to  or  cast  in  the 
upper  end,  and  this  is  bent  over  so  as  to  dip  in  the  mercury, 
and  allow  the  zinc  to  be  instantly  removed  and  exchanged :  or 
a  row  of  common  porous  cells  may  be  used,  so  that  the  zincs 
may  be  removed  for  cleaning,  &o.,  one  at  a  time,  without  much 
affecting  the  current ;  such  cells  may  also  be  distributed  about 
among  a  number  of  plates  or  objects,  in  order  to  secure  equal 
distribution  of  the  action. 

190.  The  fluid  surrounding  the  zinc  may  be  the  usual  acid, 
or  where  rapid  action  is  not  needed,  as  for  telegraph  purposes, 
pure  water ;  the  best  solution  to  use  when  constancy  is  desired 
is  a  half  saturated  one  of  sulphate  of  zinc,  which  is  kept  in 
proper  condition  by  occasionally  removing  a  little  and  replacing 
with  water.    Sal-ammoniac  or  common  salt  have  been  used,  but 
are  objectionable  as  they  find  their  way  to  the  copper  and 
produce  an  insoluble  deposit  there  when  the  battery  is  out  of 
action.     With  neutral  solutions  the  zinc  need  not  be  amalga- 
mated: the  zinc  should  be  removed  occasionally  and  the  de- 
posited copper  brushed  off,  and  when  a  battery  is  required 
only  at  intervals,  the  zinc  solution  should  be  emptied  into  a 
jar  with  a  few  scraps  of  zinc  to  reduce  any  copper.    As  during 
action  the  current  tends  to  drive  the  solution  towards  the 
copper,  and  thus  resists  the  endosmose  of  the  copper  towards 
the  zinc,  §  1 86,  it  is  desirable,  when  a  battery  is  out  of  action, 
to  close  its  circuit  through  a  moderate  resistance,  so  as  to 
maintain  a  small  current.    In  fact  it  is  found  with  the  Daniells 
used  in  telegraphy,  consisting  of  porous  cells  greased  every- 
where except  upon  a  surface  sufficient  to  allow  the  required 
action,  that  the  expense  of  maintenance  is  about  the  same 
whether  they  are  working  or  not,  owing  to  this  action  of 
endosmose. 
191.  The  theory  of  the  action  of  the  sulphate  of  copper  cell 
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is  easily  explained  as  an  extension  of  that  shown  Fig.  42,  §  loi. 
If  we  consider  the  two  molecules  to  the  right  of  the  poiOQS 
partition  to  be  salphate  of  copper, 


We  have, 
polarized 
breaking  up 


H,SO„  Hj^04 
SO^  SOA 
ZnSQ^  ^OT, 


CUSO4,  CnSO*, 
SoCcui  SO^Cn 
Si^,  CUSO4,  On 


S- 

o 


The  last  line  shows  that  what  occurs  is  that  an  atom  of  zinc  k 
taken  up  and  one  of  copper  displaced,  that  the  source  of  the 
force  is  simply  the  difference  between  the  affinity  of  Bulphuric 
radical  for  zinc  and  for  copper ;  the  acid  serves  only  as  a  con- 
ductor, as  it  will  be  seen  that  there  is  the  same  quantity  aft^ 
action  as  before ;  the  force  yielded  is  equivalent  to  the  heat 
ssinc  would  give  while  precipitating  copper  from  its  sulphate, 
and  is  really  the  difference  between  the  internal  force  necessary 
to  the  existence  of  sulphate  of  copper,  and  that  bound  or  latent 
in  sulphate  of  zinc. 

192.  The  EledramoUve  force  of  the  DanieU, — It  is  usuaUj 
stated  to  be  volt  i  '079,  but  is  subject  to  many  causes  of  varia- 
tion which  have  been  only  slightly  studied,  which  is,  no  doubt, 
the  reason  that  good  authorities  differ  as  much  as  3  per  cent^  in 
the  value.  Dr.  Alder  Wright  calculates  the  value  from  the 
chemical  reactions  as  i  *  105,  and  says  that  the  specific  gravity  of 
the  liquids,  i.  e.  the  strength  of  tiie  acid,  plays  so  important  a 
part  that  with  acid  specific  gravity  i  'Oio  (see  table  p.  126)  the 
EMF  is  I  *  12  J  ;  at  i  '050  it  is  1*1^3;  and  at  i  '090  it  is  i  - 143. 
Other  authorities  say  that  with  sulphate  of  zinc  it  is  95  per  cent 
of  that  with  acid.  My  own  experiments  indicate  that  there  is 
not  much  difference  due  to  this  cause.  I  found  that  in  such 
delicate  experiments  where  no  real  working  current  is  developed, 
what  is  measured  is  really  static  potential  rather  than  EMF ; 
the  mere  motion  of  the  zinc  plate,  or  brushing  off  the  bubbles  of 
hydrogen  would  make  an  instant  change  of  3  per  cent.,  and  that 
therefore  this  action  alone  if  unknown  (and  I  have  never  seen  it 
noticed)  would  vitiate  many  observations. 

193.  Dr.  Wright  states  "  it  was  found  that  but  little  difference 
was  produced  by  using  pure,  commercial,  or  amalgamated  zinc, 
or  zinc  coated  with  a  film  of  copper."  This  is  entirely  different 
from  the  received  opinions,  and  very  different  from  my  own 
experience.  I  find  that  amalgamated  zinc  has  the  higher  foroe 
by  about  *oi,  as  compared  with  new  sheet-zinc,  and  more  as 
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against  corroded  zino,  and  that  the  E  M  F  of  any  zinc  plate  is 
alwayB  increased  by  cleaning  off  the  residuary  impurities,  and 
renewing  the  amalgamation. 

The  effect  of  copper  deposit  on  the  zinc  is  very  marked,  and 
may  be  easily  tested ;  if  the  zinc  plate  be  touched  with  a  copper 
wire  the  force  falls  '03.  This  is  not,  as  sometimes  said,  an 
effect  of  contact  lowering  the  potential ;  it  is  a  direct  chemical 
action  :  there  was  already  a  copper  contact  in  the  wire  con- 
ductor soldered  to  the  zinc  J  m  fact,  merely  touching  with 
copper  out  of  the  liquid  produces  no  effect ;  the  copper  must  be 
under  the  liquid,  so  that  it  sets  up  a  local  action.  I  found  that 
hy  adding  a  little  copper  sulphate  to  the  zinc  solution,  so  as  to 
throw^  down  copper  on  the  zinc  plate,  the  force  fell  -03,  and 
then  the  touching  with  a  copper  wire  produced  no  effect.  It  is 
evident,  therefore,  that  where  a  constant  E  M  F  is  desired,  the 
zinc  plate  used  should  not  be  free  from  copper.  But  all  loose 
deposits  of  copper  should  be  removed  at  intervals. 

194.  Vcuriation  of  temperature  affects  the  EMF, — Heat  raises 
the  force ;  it  does  so  by  affecting  the  solubilities  of  the  two 
salts,  and  supplying  externally  the  energy  absorbed  in  solution. 
I  find  that  between  32°  Fahr.  and  52°  there  is  a  difference  of 
volt  "oi,  and  between  50°  and  60°  also  'Oi,  and  between  yf 
and  100°  about  '025. 

195.  These  experiments  were  carried  out  by  means  of  cells 
consisting  of  U -tubes;  the  bends  of  which  contained  sand 
mixed  with  oxide  of  zinc,  to  prevent  passage  of  the  copper  salt. 
I  found  these  remained  in  perfect  action  for  a  week  without  a 
trace  of  copper  passing;  the  tubes  were  mounted  in  stands 
with  mercury  cups,  and  the  plates  of  metal  had  wires  attached, 
so  that  they  dropped  into  the  cups  as  the  plates  were  inserted 
in  the  tubes,  and  could  be  readily  exchanged.  Of  course  the 
object  in  such  experiments  is  to  isolate  each  action  and  obtain 
theoretical  perfection  at  the  moment,  in  order  to  ascertain 
whence  come  the  defects  which  arise  in  more  practical  opera- 
tions. 

196.  It  is  generally  considered  that  the  Daniell  is  not  subject 
to  ''  polarization " ;  that  is  to  say,  that  its  EMF  is  constant 
whatever  the  external  resistance  may  be:  this  is  not  exactly 
the  case :  it  is  affected  by  the  "  density  of  current "  derived 
from  it.  According  to  Dr.  Wright  a  surface  of  125  sq.  centi- 
metres  (19' 5  sq.  indi)  will  maintain  its  EMF  up  to  a  current 
of  ampere  -001,  and  will  lose  i  per  cent,  if  called  on  to  produce 
•006,  and  as  much  as  10  per  cent,  if  worked  to  ampere  0'4, 
These  figures  are,  however,  entirely  special,  applying  to  a 
particular  construction.    The  cause  at  work  is  very  cuear ;  it  is, 
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that  the  oarrent  developed  must  be  proportioned  to  the  snpplT 
of  copper  salt  presented  to  the  copper  plate :  if  the  solution  k 
not  strong  enough  to  meet  the  demand,  we  have  copper,  not  in 
copper  salt,  but  in  sulphuric  acid,  because  the  copper  has  been 
removed  from  the  molecules  adjoining  the  plate :  this  can  onlj 
be  corrected  by  the  process  of  diffusion.  His  battery  appears  to 
have  been  arranged  for  the  particular  purposes  of  his  experi- 
ment, in  the  manner  least  adapted  to  actual  working,  v^ith  the 
copper  plate  at  the  top  in  a  weak  copper  solution  floating  above 
a  denser  zinc  solution.  The  best  arrangement  for  constant 
EMF  would  be  the  exact  reverse,  so  as  to  send  the  dense 
copper  solution  streaming  to  the  copper  plate.  Yarious  forms 
devised  to  attain  this  object,  and  do  away  with  the  diffi- 
culty and  waste  of  endosmose  will  be  found  in  the  following 
sections. 

197.  The  DameU  eeU  has  been  fully  examined  because  of  iti 
importance,  both  practical  and  theoretical,  and  it  only  remains 
now  to  show  the  cost  of  its  working.  In  this  instance,  this  is 
shown  in  full  detail,  and  will  serve  to  show  how  the  cost  of  the 
other  forms  has  been  arrived  at  in  Table  VI.  §  252. 

The  local  action  will  depend  on  the  quality  of  the  parom 
vessel,  rate  of  working,  &c.,  but  we  may  allow  5  per  oenL  We 
have  then  per  unit,  by  Table  V.  §  251 : — 

Line  24  Zinc  unamalgamated *oi95 

„      9  Copper  sulphate '0900 

Local  action *<^55 

•I  150 
Less   8  Copper  reduced       -o;66 

of  a  penny   ..      '0584 


This  assumes  that  zinc  sulphate  is  used  in  the  zinc  cell  and 
costs  nothing,  it  being  a  product  of  the  working.  The  reduced 
copper  is  taken  at  the  common  value,  but  if  it  is  deposited  in 
useful  forms  the  actual  cost  of  the  cell  will  be  reduced  to  nothing 
in  many  cases. 

In  fact  it  is  so  worked  in  some  factories,  where  large  cells  are 
so  arranged  that  the  copper  plates  are  objects  receiving  deposit 
such  as  stereotype  blocks,  while  current  is  led  from  them  to 
other  work. 

198.  The  QRAvmr  Battery  is  a  Daniell  without  a  porous  cell, 
in  which  the  copper  solution  is  kept  from  the  zinc  only  by  its 
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greater  specific  ^vity,  but  gradually  Teaches  it.    There  are 
many  forms,  but  it  was  first  proposed  by  Mr.  Varley, 

In  CaUaui$8  form,  much  used  in  American  telegraphy,  the 
bottom  of  the  jar  is  covered  with  a  sheet  of  copper  fitted 
with  a  w^ire  conductor,  upon  this  is  laid  a  stratum  of  crystals  oi 
copper  sulphate,  whidii  should  be  large  if  a  small  current  is 
wanted,  small  when  much  work  is  to  be  done ;  the  zinc  plate  is 
suspended  above  and  the  jar  charged  with  water,  or  a  weak  solu- 
tion of  sulphate  of  zinc;  it  must  of  course  be  placed  where 
subject  to  no  vibrations  or  disturbance. 

Lockwood^s  $pircd  claimed  to  maintain  the  separation  of  the 
different  liquids  by  means  of  a  kind  of  repulsion  set  up  by  the 
electric  current.  The  negative  element  consists  of  a  stout  wire 
wound  in  a  flat  helix,  which  occupies  a  position  about  the 
middle  of  the  vessel,  the  wire  then  descends  from  the  middle  of 
this,  either  in  a  straight  line  or  a  spiral,  and  forms  another 
helix  spreading  over  the  bottom  of  the  vessel,  from  which  it 
rises  in  a  guttapercha  tube  to  the  top  of  the  vessel,  terminating 
with  a  binding-screw :  all  the  turns  of  the  wire  are  to  be  in  the 
same  direction,  so  that  all  the  narts  of  the  current  are  parallel. 
Experience  does  not  show  muon  gain  in  this  construction. 

19^  Central  reservoir  of  crystals.  —  In  the  various  forms  of 
gravity  cell,  instead  of  a  stratum  of  copper  sulphate  in  the 
bottom,  a  tube  or  funnel  may  occupy  the  middle  of  tne  vessel  and 
contain  a  supply  of  crystals,  while  the  zinc  is  either  a  vertical 
cylinder,  or  a  ring  cast  conical,  so  as  to  surroimd  the  central  tube  : 
the  conical  form  allows  escape  of  the  hydrogen  which  forms,  and 
assists  the  falling  off  of  precipitated  copper.  In  some  cases  the 
bottom  of  the  tube  is  closed  with  a  cork  containing  a  glass  tube 
of  such  size  as  to  limit  the  outflow  of  the  saturated  copper 
solution :  in  this  case  it  is  preferable  to  add  another  bent  tube 
rising  about  one-third  the  height  so  as  to  supply  fresh  solution 
from  the  exterior  and  maintain  the  flow. 

The  most  satisfactory  arrangement  I  have  been  able  to  devise 
after  many  trials  is  one  of  this  character  in  which  the  opening 
of  the  outflow  tube  is  fitted  with  a  plate  of  soft  indiarubber 
which  can  be  pressed  up  to  and  close  it  when  the  battery 
is  not  wanted  for  action  :  it  is  desirable  also  to  close  its  circuit 
through  a  considerable  resistance  at  such  times  so  as  gradually 
to  use  up  the  copper  solution. 

The  Meidenger  eeU  is  on  the  same  principle;  the  reservoir 
of  crystals  is  a  flask,  the  neck  of  which  replaces  the  tube  just 
described  and  is  similarly  fitted ;  being  closed  from  atmospheric 
preasore,  the  supplv  of  solution  is  very  gradual,  being  governed 
by  the  principle  of  the  bird  fountain.    All  of  these  work  best 
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for  a  small  gradnal  demand,  bnt  do  not  answer  well  if  left  ovt 
of  action  for  some  time  and  then  called  on  to  supply  large 
current. 

200.  Tlie  Minotto  lias  been  much  lauded ;  it  consiBts  of  a  jv, 
at  the  bottom  of  which  is  a  copper  plate,  fitted  with  a  wire,  this 
is  covered  with  an  inch  of  crushed  sulphate  of  copper,  and  thie 
again  with  a  layer  of  silver  sand  which  is  to  act  as  the  porous 
division.  Some  use  sawdust  instead  of  sand,  others  paper  pulp, 
or  felt;  they  are  useful  for  some  purposes  in  which  a  great 
internal  resistance  is  not  an  objection,  but  the  copper  inevitably 
finds  its  way  to  the  zinc.  Animal  charcoal  offers  the  greatcsfc 
protection  against  this,  owing  to  its  property  of  absarbing 
metallic  salts ;  but  this  very  property  causes  it  also  to  form  a 
nearly  solid  mass,  in  a  little  while,  and  then  its  resistance  beoomes 
enormous. 

201.  M.  Gaiffe  has  devised  a  form  of  Daniell  for  occasional 
uses:  it  consists  of  a  compound  inner  cell,  the  upper  part  of 
which  is  alone  porous ;  this  contains  the  copper  and  copper  salt 
The  outer  cell  contains  zinc  in  form  of  a  ring  at  the  top  of  the 
cell,  and  a  plate  or  wire  of  cop^r  at  the  bottom  connected  to 
the  ordinary  copper  pole :  the  idea  is  that  as  the  copper  salt 
passes  through  the  porous  cell  it  will  sink  by  its  greater  specific 
gravity  and  form  a  stratum  at  the  bottom.  When  circuit  is 
closed,  the  resistance  between  the  zinc  and  the  external  copper 
being  less  than  that  to  the  interior  of  the  cell,  this  out^ 
stratum  of  copper  salt  will  be  first  reduced. 

I  have  modified  this  by  making  the  inner  cell  consist  of  a 
copper  cylinder  fitted  with  an  upper  part  of  porous  earthen- 
ware cemented  to  it,  and  have  also  placed  the  zinc  in  the  inner 
cylinder.  This  cell  is  useful  for  many  purposes,  but  cannot  be 
relied  upon  as  a  steady  electromotive  force,  and  copper  salt  does 
reach  the  zinc,  though  not  nearly  as  much  so  as  in  the  common 
form. 

202.  The  next  great  class  of  generators  includes  those  which 
employ  at  the  negative  plate  some  substance  containing  oxygen  in 
a  state  to  be  readily  given  np.  The  ingenuity  of  inventors  has 
been  much  exercised  in  devising  variations  of  (i^  the  negative 
plate,  (2)  the  oxidizing  agent,  this  latter  being  either  liquid  or 
solid.  The  principles  and  qualities  of  the  many  different  forms 
will  be  much  better  understood  by  keeping  this  classification  in 
view,  than  by  a  mere  description  of  particular  forms. 

Any  substance  which  will  react  freely  on  nascent  hydrogen 
can,  of  course,  be  employed,  and  those  liquids  which  con- 
tain oxygen  or  chlorine  in  a  condition  to  be  freely  given  up 
answer  l^st ;  of  these  nitric  acid  is  the  most  powerful,  while 
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bichromate  of  potash  gives  no  fumes,  so  that  these  sabstanoes 
have  proved  the  most  valuable  in  practical  use. 

203.  Nitric  Add, — This  is  a  solution  of  the  true  acid  HNOs  ^^^ 
variee  greatly  in  strength.  The  following  table  shows  the  value 
of  the  most  important  strengths : — 

Table  III — Strength  op  Nitric  Acid. 


SpedflcGnWty. 

PcTcentace 

HjjoTT 

EqnlTilenU 
or  atoiiiB  per  lb. 

Atoms  in  1000 
Uqnld  grains. 

I"53IO 

lOO" 

Ill-ll 

21-4 

1-4518 

77-777 

86-43 

.      17-90 

l"420O 

70-000 

77*78 

15-78 

1*4000 

66- 

73- 

14-49 

I '3945 

64-156 

71-28 

14-19 

1-3732 

60-457 

67-15 

13*17 

I •3463 

39-063 

43-46 

7*70 

I "2402 

38*121 

42-36 

7-51 

I,  is  the  theoretical  acid,  formerly  called  the  ist  hydrate, 
a,  is  2  HNOs  +  2  H,0,  formerly  called  the  2nd  hydrate. 

3,  is  2  HNOs  +  3  H,0.  This  distils  unchanged  at  248°Fahr., 
and  is  the  strength  to  which  boiling  brings  both  stronger  and 
weaker  acids. 

4,  is  an  ordinary  commercial  strength* 
6,  is  double  aquafortis. 

8,  is  single  aquafortis. 

An  impure  faming  add  is  obtainable  which  cannot  be  valued 
by  sp.  gr.,  as  it  contains  sulphuric  acid  and  other  substances, 
but  serves  very  well  for  battery  use.  The  best  test  for  acid  for 
this  purpose  is  a  small  Grove's  cell,  into  which  a  measured  quan- 
tity can  be  placed,  so  that  the  current  it  generates  on  a  known 
galvanometer,  and  the  time  it  will  maintain  it,  can  be  observed. 

204,  The  reacHan  which  occurs  is  very  complicated,  and  varies 
at  different  stages  of  the  action.  HNOs  may  lose  one  atom  of 
oxygen,  becoming  HNO2  nitrous  acid,  under  two  units  of  action 
which  provide  Hj  to  form  HjO  water :  but  one  atom  of  hydrogen 
is  equally  able  to  take  up  one  of  oxygen  together  with  the 
hydrogen  of  the  acid;  thus  HNO,  +  H  becomes  HgO+NOj; 
or,  the  same  reaction  taking  place  with  the  residue  (nitrous  acid) 
of  the  first  case,  HN0,4-  H  becomes  H,  +  NO.  Part  of  the 
acid  is  even  totally  deoxidized  and  converted  into  ammonia, 
which  unites  with  the  acid,  and  may  then  be  reduced  to  nitrite. 
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In  each  of  these  cases  the  work  done  electrically  by  one  atom 
of  acid  would  be  different ;  and  for  this  reason  the  electromotiTe 
force  falls  off  as  the  action  proceeds.  When  oells  are  used  for 
producing  large  currents,  the  reaction  which  occars  is  confined 
to  the  giving  up  of  one  equivalent  of  oxygen  to  one  of  h3rdioge]i ; 
this  reaction,  which  must  be  considered  ti^e  normal  one  to  which 
the  EMF  of  i*8  volt  corresponds,  continues  as  long  as  the 
strength  of  the  acid  is  over  sp.  gr.  i  •  26,  but  from  that  point  the 
E  M  F  lowers  and  on  the  other  hand  more  economical  reactionfi 
take  place.  It  is  evident,  then,  that  the  action  ought  to  be  con- 
sidered from  these  distinct  points  of  view. 

205.  When  the  battery  is  working  for  great  force  and  cxurent, 
the  acid  should  not  be  reduced  below  sp.  gr.  i  •  246,  line  7  of  the 
table,  and,  therefore,  the  working  power  of  the  acid  is  reaUy  73 
->  43  =r  30  units,  leaving  nearly  two-thirds  as  much  behind 
unused,  besides  whatever  oxygen  might  be  utilized  beyond  the 
first  equivalent. 

This  acid  is,  therefore,  available  for  further  use,  for  purposes 
in  which  so  great  EMF  and  such  steady  constancy  are  not 
necessary:  it  might  then  be  reduced  to  sp.  gr.  1*16,  at  which 
strength  it  would  still  retain  about  2  j  per  cent,  of  acid ;  but  the 
reactions  would  have  given  3  equivalents  of  oxygen  in  place  of 
I,  and,  therefore,  the  work  of  the  pound  of  acid  would  be  73  — 
23  =  50  X  3  =  150  units. 

Besides  the  consumption  of  material  needed  for  the  current, 
there  is  a  waste  by  endosmotic  actions  of  from  6  to  10  per  cent 

206.  It  is  usual  to  employ  sulphuric  acid  to  act  on  the  zinc ; 
but  it  is  well  known  that  hydrochloric  acid  gives  at  least  5  per 
cent,  higher  electromotive  force — that  is,  the  EMF  would  be 
over  2  volts  with  HCl  as  against  i  *  8  with  HsS04 ;  besides  which 
the  chloride  of  zinc  formed  is  very  soluble,  and  will  not  creep  up 
the  cells  and  crystallize  as  the  sulphate  does.  Sulphnrio  acid 
is  preferred  from  habit  and  because  it  is  cheaper,  though  this  is 
only  a  small  part  of  the  cost.  Hydrochloric  acid  may  be 
objectionable  also,  as  giving  off  fames,  but  while  this  is  a 
legitimate  objection  in  most  batteries,  it  is  of  no  moment  in 
presence  of  the  more  objectionable  nitrous  fumes. 

Saline  solutions  are  sometimes  used  in  the  zinc  cell,  but  this  is 
bad  economy,  as  it  results  in  the  solution  of  the  zinc  being  really 
effected  by  the  nitric  acid,  of  which  therefore  double  quantity  is 
used.  But  such  solutions,  and  preferably  a  half-saturated  solu- 
tion of  zinc  sulphate,  may  be  used  if  the  equivalent  proportion 
of  sulphuric  acid  be  added  to  the  nitric  acid  in  the  porous  celL 

Chloride  of  zinc  may  be  used  in  the  zinc  cell,  or,  as  the  acids 
will  pass  through  the  porous  cell,  it  is  only  necessary  to  ooca- 
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Bionally  replace  part  of  its  contenta  with  water  when  the  con- 
ditions allow  this. 

207.  Aqua  bbgia.. — But  the  employment  of  hydrochloric  acid 
brines  about  another  result — viz.  the  use  of  a  mixture  of  nitric 
and  hydrochloric  acid  in  such  a  manner  as  to  utilize  chlorine  as 
the  active  agent  in  place  of  oxygen,  and  thus  regenerate  the  acid. 
I  believe  the  actual  use  of  aqua  regia  and  hydrochloric  acid  is 
due  to  M.  d' Arsonval,  as  the  result  of  a  series  of  valuable  experi- 
ments on  the  working  of  batteries ;  but,  of  course,  it  has  long 
been  known  that  chlorine  and  the  various  similar  substances 
which  will  unite  with  nascent  hydrogen  are  available  in  the 
battery.  M.  d' Arsonval  recommends  an  aqua  regia  composed  of 
equal  volumes  of  nitric  acid  sp.  gr.  i  '33,  and  hydrochloric  acid 
with  a  volume  of  water  equcd  to  the  acids.  The  object  of  the 
dilution  is  to  prevent  the  forming  of  nitrous  fumes,  but  it  is 
obvious  that  the  EMF  must  be  lower.  There  is  also  an 
advantage  in  using  water  containing  i  in  20  of  its  bulk  of 
H«S04  instead  of  simple  water. 

208.  Chromic  acid. — Batteries  in  which  bichromate  of  potash 
is  used  act  really  by  the  chromic  acid  which  is  set  free  by  the 
action  of  another  acid,  usually  sulphuric. 

Bichrofnate  of  poiaah  is  not  a  true  twofold  acid  salt  like 
bisulphate  of  potash,  but  consists  of  one  atom  of  chromate  of 
potash  and  one  of  chromic  anhydride,  EjCrO^tCrO,.  Its  formula 
is  generally  written  as  Ka02GrOs,  or  KJOtJO^,  making  its  atomic 
weight  on  the  new  notation  295  •  2. 

It  is  commonly  supposed  that  the  effect  of  the  addition  of 
sulphuric  acid  is  to  convert  the  potassium  salt  into  chromic  acid 
and  sulphate  of  potash.  But  be  the  preliminary  action  what  it 
may,  the  effect  of  the  action  of  the  battery  is  to  convert  the 
salt  into  chrome  alum.  The  lusual  modem  formulcB  rather 
disguise  this  action,  which  is,  however,  quite  intelligible  when 
we  regard  an  alum  in  the  old  fashion  as  a  combination  of  a 
scRqui-sulphate  M,^  3SO4  with  a  proto-sulphate  M'gSO*  crystal- 
lizing with  24  atoms  of  water.  The  tetratomic  metal,  uniting 
two  atoms,  so  as  to  have  a  valency  of  6,  being  either  alumina, 
iron,  chromium,  <&c.,  while  the  monatomic  base  is  usually  an 
alkali,  potassium  or  ammonium. 
209.  The  action  can  be  stated  as 


295-  392-  567  ^2     48 

3Zn        +  bHjSO,  =      3ZnS0«  -f-  6H 


3H,0 


195  294  483  6} 
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That  is  to  say,  i  atom  of  bichromate  of  potash  with  4  of 
sulphuric  acid  gives  oxygen  equivalent  to  the  hydrogen  dcnved 
from  3  atoms  of  zinc  acting  on  3  of  sulphuric  acid.  This  ii 
equal  to  6  units  of  current,  and  makes  the  electric  equivalent  of 
the  potash  salt  under  these  conditions,  about  50  grains,  whidi 
quantity  requires  66  by  weight,  or  38  by  measure,  of  sulphmie 
acid  to  effect  its  own  deoomposition.  If  the  acid  to  act  on  the 
zinc  is  to  be  provided  in  the  same  solution,  an  additional 
equivalent  is  needed,  making  the  quantity  for  each  unit  of  work 
115  grains  by  weight,  or  66  by  measure. 

2 10.  Owing  to  the  insolubility  of  the  salt,  the  solution  is  weak, 
a  pint  being  only  about  25  units,  therefore  a  large  porous  cell 
must  be  used,  unless  the  zinc  is  placed  within.  The  usual 
directions  for  preparing  the  solution  are  to  dissolve  3  oz.  of  tbe 
salt  in  a  pint  of  water  by  aid  of  heat ;  and  when  cool  add  one- 
twelfth  its  bulk,  or  2  oz.  of  sulphuric  acid ;  but  this  is  erroneous; 
it  only  supplies  the  first  4  equivalents  of  acid,  and  though  given 
for  single-cell  bichromates,  is  only  suitable  for  a  double-oell  in 
which  acid  is  used  besides  to  dissolve  the  zinc.  In  order  to 
utUize  the  salt  completely,  a  nearly  equal  quantity  of  acid  should 
be  added,  when  the  action  becomes  sluggish ;  if  added  at  first 
it  causes  too  great  local  action,  and  this  is  always  very  great. 

The  electromotive  force  falls  rapidly,  and  the  resistance 
increases  with  this  solution,  as  the  chromic  alum  forms ;  this 
also  frequently  crystallizes  in  the  solution  and  upon  the  carbon. 

211.  Hydrochloric  octd  used  instead  of  sulphuric  avoids  many 
of  these  defects.  The  solution  can  be  prepared  with  equal 
volumes  of  the  cold  saturated  solution  of  bichromate  of  potash 
and  of  hydrochloric  acid.  The  combinations  of  chromium  are 
so  complicated  and  so  easily  modified  by  conditions  of  tem- 
perature and  saturation,  that  it  is  difficult  to  say  what 
actually  occurs:  but  the  following  expressions  appear  most 
probable : — 

KaCr04)  _L  2HCI  _  2KCI-+.  HjCrO, 
CrO,     J  +  2HCI  "  HjCrO,Cla 

That  is  to  say,  i  molecule  ^or  atom)  of  bichromate  of  potash, 
295,  with  4  atoms  of  hydrocnloric  acid,  is  resolved  into  2  of 
potassium  chloride  (which  then  passes  out  of  consideration),  i 
of  chromic  acid,  and  i  of  a  chloro-chromic  acid,  in  which  Cl^  re- 
places I  atom  of  oxygen.  These  two  acids  now  react  upon  the 
hydrogen  derived  from  the  action  of  zinc  upon  the  acid  thus : — 

HjCr04  +  2HCI  =  CrCla  +  H3O  +  Oj 
HaCrOaClj  =  CrCl^  +  HaO  +  0, 
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The  complete  reaction  may  be  expressed  also  as 
f     Kj,     +  (2HCI  =2KC1 

360  4Zn      4-     8HC1 J  =  4HjO  +  4ZnClj| 
511    HCl  14 

Henoe,  i  molecule  (295)  of  the  salt  with  6  atoms  HCl  is  equal 
to  the  production  of  8  units  of  current,  requiring  a  further  8 
atoms  (14  in  all)  of  acid  to  dissolve  the  4  atoms  or  8  equivalents 
of  zinc.  In  this  case,  therefore,  the  equivalent  of  the  salt  is 
only  37 '5)  because  it  is  wholly  reduced  to  neutral  chloride 
instead  of  to  sesqui-sulphate,  as  in  the  other  case ;  each  unit, 
therefore,  requires  i  unit  of  acid  for  its  own  reaction,  and  i  unit 
either  in  the  same  or  a  separate  cell  for  the  zinc.  No  orystcds 
form  in  this  solution. 

212-  ChromaU  of  calcium  would  be  very  useful  if  it  could  be 
obtained  in  the  market,  especially  as  its  residues  are  easily  con- 
verted into  valuable  colours,  which  is  not  the  case  witib  the 
potash  salt  because  the  alkali  cannot  be  completely  got  rid  of. 
The  use  of  this  salt  was  proposed  by  Mr.  D.  G.  Fitzgerald  and 
the  description  of  it  in  the  first  edition  has  led  to  so  mai^y 
inquiries  tnat  it  is  necessary  to  explain  that,  although  actually 
produced  in  the  process  of  making  the  potash  salt,  it  is  not 
prepared  for  the  market,  owing  to  there  being  no  large  demand ; 
it  ought  to  be  considerably  cheaper  than  bichromate  of  potash. 
It  can  be  prepared  by  those  who  wish  it  for  use  by  dissolving  5 
parts  of  bichromate  of  potash  in  boiling  water,  and  adding  i 
part  quicklime  (just  slaked  before  use),  and  2j^  parts  of  plaster 
of  Paris.  It  will  come  down  as  a  yellow  powder,  which  contains 
an  atom  of  water  and  has  an  equivalent  of  about  60  grains  per 
unit,  and  requires  one-fifth  more  acid  than  the  potash  salt. 
One-half  the  lime  is  thrown  down  as  sulphate  on  the  addition 
of  the  acid,  and  the  rest  precipitates  during  the  action. 

It  takes  one  atom  more  acid  than  the  potash  salt,  the  reaction 
being 

CaCrO.f  +  5H2SO,  -  I  Cr^3so,+  3^  K^^q 
3Zn         +  3HaS04  =      3ZnS04  +  6H  > 

213.  Another  solution  which  might  be  useful  is  prepared  by 
adding  to  j  parts  of  bichromate  in  solution,  i  part  by  weight 
of  oil  of  vitriol,  and  6i  parts  of  sulphate  of  alumina  (A123IS04 
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-}-  iSHjO),  or  80  mncli  of  any  quality  as  will,  after  oanoentiBr 
tion  and  cooling,  remove  the  potash,  as  alum.  The  solntion  will 
require  sulphuric  or  hydrochloric  acid  sufficient  to  satisfy  the 
reactions. 

214.  Voiiin^s  red  salt  is  very  convenient  for  amateurs  who  do 
not  wish  to  have  the  trouble  of  acids ;  it  is  a  compound  salt  con- 
taining the  necessary  acid  in  the  projportion  of  the  formula  §  209. 
It  gives  the  same  E  M  F  as  the  ordinary  solution,  and  appean 
to  be  rather  more  constant,  but  produces  a  somewhat  greater 
resistance.  It  should  be  dissolved  20  to  25  parts  to  the  100 
of  water.    That  is,  4  oz.  to  5  oz.  in  a  pint.    It  consists  of 

NaaSO*  +  7HaS04  +  KaCr^OT 
140  686  295 

which  is  probably  changed  by  the  action  into 

2NaHS04  +  2KHSO4  +  2CrO,2SO,-f  7  water. 

It  is  made  by  dissolving  the  sulphate  of  soda  in  the  heated 
acid  and  gradually  stirring  in  the  bichromate ;  it  is  then  poured 
into  moulds,  and  after  cooling,  removed  and  broken  up. 

215.  Nitric  acid  with  hit^romate  of  potash  has  been  highly 
spoken  of  by  some  writers  as  giving  a  constant  current  and  no 
fumes.  It  is  true  that  the  constancy  of  the  current  is  improved, 
but  after  a  little  time  the  fumes  are  given  off;  the  reaction  is 
simply  the  reoxidation  by  the  bichromate  of  the  reduced  nitric 
acid.  Still  this  plan  may  be  useful  where  a  strong  current  is 
required  for  a  given  time,  as  for  producing  the  electric  light. 
The  solution  recommended  is  a  saturated  solution  of  bichromate 
in  nitric  acid,  with  one-third  volume  of  sulphuric  acid  added  and 
just  enough  water  to  redissolve  any  chromic  acid  precipitated. 

216.  Alkaline  nitrates  have  been  proposed  in  place  of  nitric 
acid ;  nitrate  of  ammonia,  even,  has  been  employed,  but  it  is 
expensive  and  has  no  sort  of  compensating  advantage.  When 
a  solution  of  these  nitrates  is  mixed  -^i^ith  sulphuric  acid,  a 
reaction  takes  place  by  which  the  base  is  divided  between  the 
two  acids  in  ratios  depending  on  the  relative  proportions 
present ;  hence  results  a  solution  containing  a  proportion  of 
free  nitric  acid  which  acts  in  the  usual  manner,  while  the 
remaining  nitric  acid  is  only  set  free  as  the  action  of  the 
battery  proceeds.  Nitrate  of  soda  is  the  best ;  it  is  cheaper  by 
the  pound,  its  equivalent  is  lower,  and  therefore  the  pound 
does  more  work,  and  it  is  very  much  more  soluble,  and  therefore 
a  much  more  active  solution  is  obtained.    It  is  not,  however, 
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generally  known  that  water,  when  fully  saturated  with  one  of 
these  salts,  will  still  dicsolve  nearly  as  much  of  the  other  as 
though  it  were  pure  water,  and  thus  the  strongest  solution  is 
made  by  dissolving  both  the  salts  together.  With  nitrate  of 
soda  at  2d,  per  lb.,  the  oost  of  the  atom  of  nitric  acid  obtained 
from  it  in  the  cell  is  '0456,  against  '1096  of  the  acid.  But 
SQoli  solutions  have  a  vastly  greater  resistance  than  the  simple 
acids  and  are  not  fit  for  generating  energetic  currents. 

217.  Any  mbHanee  containing  oxygen  in  unstahle  eomUncUion  may 
in  fact  be  used  at  the  negative  plate,  and  inventors  and  patentees 
are  fond  of  giving  their  name  to  and  claiming  the  use  of  these. 
Thus  solutions  of  chlorate  or  permanganate  of  potash,  chloride 
of  lime,  and  many  other  substances  are  available,  and  may  be 
useful  under  some  circumstances,  as  to  which  see  sJso  §§  245-6. 

218.  Battery  Construction. — The  forms  of  cell  are  variable, 
and  instead  of  describing  particular  forms  such  as  square  and 
round,  it  appears  better  to  explain  the  principles  involved, 
which  can  then  be  adapted  to  suit  circumstances :  thus  we  have 
two  names  for  nitric  acid  batteries ;  but  the  Chrove  is  simply  a 
cell  in  which  platinum  is  used  as  the  negative  electrode,  and  the 
Bunsen  is  one  in  which  carbon  is  substituted.  We  are  practicaUy 
limited  to  these  two  substances ;  all  others  which  have  been 
proposed  may  be  dismissed  in  a  few  words. 

Irony  whether  wrought  or  cast,  though  often  praised,  and  used 
long  ago  in  the  Callan  and  Maynooth  batteries,  is  a  mere  means 
of  waste  and  annoyance :  it  assumes  what  has  been  called  the 
passive  Hate^  in  which  strong  nitric  acid  has  no  action  on  it 
lliis  state  consists  in  the  formation  of  a  film  of  iron  oxide, 
insoluble  in  the  strong  acid.  When  the  acid  weakens  the  pro* 
tection  fails,  the  iron  is  suddenly  acted  on,  and  the  acid  boils 
over. 

Ahiminium  has  been  suggested,  as  not  acted  on  by  nitric  acid, 
a  somewhat  doubtful  statement:  at  all  events,  its  EMF  is 
lower  than  that  of  carbon,  and  this  means  waste  of  the  acid  and 
zinc. 

219.  Platinum. — This  is  by  far  the  best,  except  for  its  first 
cost,  against  which  must  be  set  the  fact  that  after  prolonged  use 
it  has  two-thirds  its  first  value,  and  is  not  diminished  in 
quantity.  As  a  rule  platinum  is  used  too  thin,  which  has  the 
double  defect  of  liability  to  injury  and  of  producing  resistance, 
as  the  metal  is  low  in  conductivity. 

Byrne's  negative  plate^  which  excited  much  interest  a  few  years 
fl'go,  was  composed  of  platinum  backed  with  copper  incased  in 
lead,  which  seems  unnecessary  complication,  as  a  thick  sheet  of 
lead  would  answer  perfectly :  but  the  system  offers  a  promising 
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suggestion  as  to  the  use  of  a  plate  of  lead  or  copper  oompletdf 
inclosed  in  thin  platinum  by  means  of  a  solder  not  acted  on  by 
the  acid.  If  deposited  metal  were  not  porous  an  ezoellent  plate 
might  be  produced  from  it  in  this  manner. 

Surface  of  plate  is  of  great  importance,  and  it  is  well  to  oonu- 
gate  the  platinum  vertically,  both  to  increase  the  surface  and  to 
give  rigidity  to  the  metal ;  it  is  also  an  improvement  to  deposit 
very  slowly  a  coating  of  crystalline  platinum. 

220.  Carbon. — This  is,  electrically,  as  good  as  platinum ;  ir 
fact  it  appears  to  have  a  slightly  higher  E  M  F.  The  objections 
to  it  are  its  brittleness,  its  tendency  to  soak  up  the  liquid,  the 
difficulty  of  making  a  good  connection  to  it,  and  the  combinatioi 
of  these  in  eating  away  the  metal  contacts  and  forming  soma 
non-conducting  substance  at  the  junction.  Carbon  has  seversl 
allotropic  forms,  as  the  diamond,  charcoal,  and  graphite  or 
plumbago.  It  is  the  last  which  is  useful  for  batteries  in  its 
form  of  gas-carbon.  This  is  noi  coke  ;  coke  is  the  solid  residue 
left  after  distilling  coal ;  the  graphite  comes  from  the  gas^  tiie 
rich  hydrocarbons  of  which  are  decomposed  by  contact  with  the 
heated  retort,  on  which  they  form  a  shell ;  it  is,  in  fact,  a  great 
nuisance  to  the  gas-maker,  as  it  arises  from  the  destruction  of 
the  richest  gas,  injures  the  retorts  and  wastes  the  heat ;  in  the 
gas-works  it  is  called  "  scurfing."  The  densest  and  hardest  is 
the  best  for  electrical  use ;  it  ^ould  be  almost  non-absorbent, 
and  ring  like  a  metal  when  struck,  and  have  a  clear  grey 
colour,  not  black.  The  best  mode  of  cutting  carbon  is  that 
employed  by  stone-cutters,  by  means  of  a  piece  of  iron,  sharp 
silver  sand,  and  water;  important  elements  of  the  process  are 
time  and  labour,  for  the  material,  if  good,  is  very  hard  to 
work,  and  this  is  the  chief  element  in  the  cost. 

221.  Abtificial  Carbons. — Plates  or  blocks  may  be  built  up 
from  powdered  graphite  mixed  up  with  coal-tar  or  strong  rice 
paste  dried,  heated,  then  packed  in  powdered  carbon  in  a  closed 
vessel  and  heated  to  clear  red  for  some  time.  When  cool  they 
should  be  soaked  in  strong  syrup  of  sugar  or  treacle,  again  dried 
and  treated  as  before ;  this  process  must  be  repeated  until  the 
carbon  is  perfectly  dense  and  strong.  In  this  way  are  made 
cylindrical  vessels,  left  somewhat  porous  to  hold  the  acid  and 
act  the  twofold  part  of  porous  jar  and  negative  plate ;  many  of 
the  plates  and  blocks  in  batteries  of  French  make  are  thus 
made,  and  work  flEkirly  well,  but  under  some  chemical  reagents 
they  break  up. 

A  new  quality  of  carbon  made  in  this  manner  is  now  at  our 
disposal  in  the  thin  rods  (true  carbon  wires)  made  up  for  the 
electric  arc  lights,  which  are  also  useful  for  resistances :  they 
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are  valuable  for  batteries  beoauBe  of  their  density  and  freedom 
from  cracks,  as  also  for  the  ease  with  which  they  can  be  arranged 
to  give  large  surface  in  smal]  space. 

Battery  plates,  &c.,  are  also  made  of  plumbago  crucible 
material,  but  this  soon  disintegrates.  Faure's  battery  is  made 
of  this  material  in  exactly  the  form  of  a  ginger-beer  bottle  :  this 
contains  tbe  acid  under  a  pressure  caused  by  the  gases  given  off, 
which  are  retained  by  means  of  a  graphite  stopper  ground  in, 
which  also  serves  for  the  connection  of  the  cell,  being  fitted  with 
a  binding-screw. 

222.  CoNNECTiNO  Carbons. — This  is  the  great  difficulty  ;  it  is 
commonly  done  by  fixing  a  clamp  on  the  end,  when  a  piece  of 
platinum  ought  to  be  interposed  between  the  two  surfaces.  A 
better  plan  is  to  deposit  copper  on  the  upper  part,  and  then 
solder  the  connection  to  it,  as  this  gives  continuous  circuit ;  the 
copper  takes  on  it  just  as  it  would  on  a  metal.  There  is  one 
drawback  to  this,  the  dame  in  fact  which  requires  the  platinum 
interposed  in  the  first  plan ;  the  acid  both  creeps  up  the  surface 
and  soaks  into  the  substance,  and  then  acts  on  the  copper  and 
destroys  the  connection.  The  following  plan,  which  I  proposed 
many  years  ago,  is  a  protection  against  this,  jnrovided  it  he 
thoroughly  carried  out : — 

Heat  ihe  end  of  the  carbon,  and  touch  the  part  just  beyond 

where  the  copper  is  to  extend  to  (which  should  be  about  half  an 

inch  from  the  end)  with  a  piece  of  paraffin,  taking  care  it  does 

not  run  up  the  part  to  be  deposited  on ;  should  it  do  so,  it  may, 

however,  be  driven  off  by  strong  heat ;  when  cold,  out  a  few 

scores  in  the  surface  to  give  a  hold  to  the  copper,  and  drill  a 

hole  through,  in  which  fix  firmly  a  copper  wire  projecting  on 

each  side ;  now  with  a  warm  iron  spread  a  good  film  of  paraffin 

from  the  line  of  the  intended  coppering  as  far  down  the  carbon 

as  the  part  to  be  immersed  in  the  liquid  of  the  battery  when 

working.     Oonnect  a  wire  to  the  carbon  by  a  screw  clamp,  and 

insert  in  a  copper  solution,  arranging  at  first  for  a  quick  deposit 

to  prevent  entrance  of  moisture  into  the  pores  of  the  carbon. 

When  a  good  deposit  is  made,  drill  a  few  holes  right  through 

copper  and  carbon,  soak  in  water  to  remove  any  absorbed  copper 

salt,  and  dry  it  thoroughly.    Now  tin  the  part  to  which  the 

binding-screw  or  connecting-wire  is  to  be  soldered,  and  stand 

the  oan>on  with  its  coppered  part  in  a  vessel  containing  a  little 

melted  paraffin  till  its  upper  part  is  well  saturated,  the  holes 

heing  intended    to    insure  this.     When    the    connection    is 

soldered  a  coating  of  paraffin  may  be  spread  with  an  iron 

over  the  copper,  and  all  parts  of  the  carbon  not  intended  to  be 

Acted  on  by  the  liquid.  No  cement  is  of  any  use  for  this  purpose, 
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paraffin  alone  resists  powerful  oxidants,  sucli  as  nitric  acid,  and 
it  is  equally  a  protective  against  caustic  alkalies. 

223.  Surface. — This  is  of  even  more  importance  than  with 
platinum.  There  are  many  uses  for  powerful  batteries  in  which 
the  object  is  a  powerful  current  for  a  limited  time,  an  hour  or 
two :  for  these  a  cell  which  would  only  hold  just  sufficient  nitris 
acid  for  the  occasion,  would  be  valuable ;  but  to  get  this  we  need 
a  porous  cell  which  will  only  just  hold  this  quantity,  and 
which  shall  yet  have  in  it  a  plate  surface  capable  of  generating 
the  required  current.  Again,  the  chromic  acid  cells  fail  very 
rapidly,  owing  to  polarization,  and  a  large  negative  surface 
is  the  best  remedy.  There  are  two  modes  of  attaining  these 
objects. 

Oranulaied  carbon  may  be  packed  in  the  cell  around  one  or  two 
plates  or  rods  serving  as  conductors,  in  the  same  manner  as  in 
the  manganese  cells :  the  connection  to  the  separate  partides  is, 
however,  imperfect  at  best,  so  the  resistance  is  large.  The  plan 
is  only  available  with  acids,  either  as  a  Smee,  or  with  nitric 
acid :  it  is  not  suitable  to  any  chromic  salts,  as  these  tend  to 
forming  deposits  on  the  surfaces,  which  break  the  connectian. 

Carbon  rods,  §  221,  may  be  packed  into  the  cell  with  such 
space  as  is  desired  for  the  liquid,  their  tops  being  all  connected 
together. 

224.  Inclosed  Cells. — These  are  very  convenient,  and  either 
form  of  carbon  can  be  used  in  them.  The  space  within  or 
around  a  porous  cell  can  be  used,  and  of  course  the  outer  space 
gives  most  room.  I  have  found  it  convenient  to  use  a  porous 
cell  perforated  with  holes  fixed  into  the  containing  vessel,  using 
a  second  porous  cell  for  the  zinc,  which  is  inserted  in  the  other 
only  when  required  for  use.  The  oxidant  can  then  be  left  in 
the  containiug  vessel  for  further  use,  and  the  opening  closed 
with  a  stopper.  I  thought  1  had  arrived  at  perfection  and  done 
away  with  the  nuisance  of  charging  and  emptying  nitric  acid 
cells,  but  there  is  an  t/ in  the  way ;  the  plan  would  be  perfect  if 
we  could  find  a  perfect  means  of  inclosing  the  top :  as  it  is  I  can 
only  describe  the  best  results  1  have  attained. 

Arrange  the  carbon  conductor  in  the  cell,  and  also  a  glass 
tube  for  supplying  the  liquid,  reaching  nearly  to  the  bottom : 
then  shake  in  dry  sand,  if  rods  are  used,  or  salt,  if  with  granu- 
lated carbon,  filling  to  within  an  inch  of  the  top.  On  this  place 
a  well-fitting  layer  of  cardboard  boiled  in  paraffin,  in  a  hole  in 
which  is  insei*ted  a  piece  of  glass  tube  just  entering  the  sand. 
Now,  after  warming  ike  tops  of  the  celUy  which  ought  to  have  been 
stood  in  paraffin  before  use  so  as  to  be  coated,  pour  in  melted 
paraffin  just  about  to  set.    1  have  tried  running  in  plaster  of 
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Paris,  and  after  drying  have  turned  the  cell  upeide  down  in 
melted  paraffin,  allowing  it  to  soak  into  the  plaster  and  form  a 
stratum  the  thickness  of  which  can  be  controlled  by  the  depth 
to  ^which  tlie  vent-pipe  enters  the  cell ;  but  the  paraffin  breaks 
up  into  minute  fissures,  and  ultimately  the  plaster  disintegrates. 
ASter  all  is  set,  the  sand  can  be  shaken  out  through  the  vent- 
pipe,  or  the  salt  dissolved. 

It  is  possible  that  for  some  uses  the  sulphide  called  Spence's 
metal  might  answer  the  purposes  of  a  cement  to  close  such 
oells. 

Another  plan,  available  with  rods,  is  to  make  a  cylinder  of 
sheet  metal,  slightly  smaller  than  the  cell,  as  a  mould  :  arrange 
the  rods  in  this  as  just  described,  and  then  run  in  melted  lead. 
This  can  then  have  asbestos  yam  wound  round  it,  and  after 
placing  in  the  true  cell,  be  cemented  in  as  in  the  other  case. 

225,  Circulation  of  Liquids.— The  chromic  acid  cells  always 
lose  power  very  quickly,  and  the  reason  is  that  the  solution  in 
contact  with  the  negative  surface  is  exhausted :  therefore  the 
rate  of  possible  current  is  limited  by  the  capacity  for  renewal  of 
this  solution  by  diffusion,  which  is  a  slow  process.  This  means, 
as  in  other  cases,  that  there  is  for  every  kind  of  action  a  definite 
ratio  between  current  and  surface.  This  is  why  enlarging  the 
surface  maintains  electromotive  force  more  constant,  although 
9urfaee  per  sets  no  function  of  EMF.  Consequently,  any  means 
of  keeping  active  solution  in  contact  with  the  negative  plate 
maintains  the  EMF.  In  nitric  acid  this  is  effected  by  the 
generation  of  gas.  Circulation  in  the  liquid,  however  produced, 
has  the  same  effect. 

226.  HecU  applied  to  the  bottom  of  a  cell  has  this  effect :  it  is 
probable  that  the  heat  adds  slightly  to  the  E  M  F  as  in  §  194, 
but  at  all  events  it  keeps  it  nearly  constant  by  bringing  fresh 
liquid  to  the  plate.  I  have  obtained  a  constant  current  from  a 
bichromate  cell,  close  up  to  exhaustion,  by  means  of  a  small  gas 
jet  under  it.  The  heat  lowers  the  internal  resistance,  and  in 
this  way  compensates  for  the  gradual  lowering  of  E  M  F  due  to 
the  chemical  change  of  the  solution,  and  keeps  the  E  MF  up  to 
full  limit  by  preventing  the  so-called  polarization  due  to  the 
pieeence  of  exhausted  liquid  at  the  plate. 

227.  Chuiaux  and  others  have  arranged  the  cells  of  a  battery 
so  as  to  permit  the  liquid  to  pass  through  them  slowly  from  a 
reservoir  above  to  one  below:  their  cells  are  usually  packed 
with  sand,  which  gives  a  high  internal  resistance,  and  they 
exchange  the  receivers  at  intervals  so  as  to  allow  the  liquid  to 
pass  several  times  through  the  battery. 

228.  The  inclosed  C6&,  §  224,  could  be  readily  used  in  a  similar 
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manner.  If  the  outlet  or  vent-pipes  (provided  for  emptyinf; 
the  cells  and  allowing  gases  to  escape)  were  of  proper  length  aid 
bent  over  so  as  to  enter  the  inlet  or  feeding  pipe,  the  liquid 
would  flow  from  one  cell  to  another  with  very  small  differeoice 
of  level,  and  if  several  ceUs  were  thus  mounted  in  aeries  they 
would  unite  their  slightly-differing  E  M  F.  If  oonnected  toge- 
ther by  caoutchouc  tubing  they  might  be  at  one  level,  and  the 
liquid  forced  through  them  at  any  desired  rate  by  the  elevation 
of  the  reservoir. 

229.  BotaUng  carbon  plates  have  been  used  to  attain  the  same 
result.  The  carbons  are  in  the  form  of  discs  mounted  on  an  axis 
with  only  the  lower  half  in  the  liquid,  so  that  the  motion  of  the 
axis  brings  new  carbon  surface,  carrying  also  a  film  of  air,  and 
also  stirs  the  liquid. 

230.  Pumping  air  into  the  liquid  is  another  mode  of  causing 
circulation,  and  though  it  does  not  add  to  the  E  M  F  it  does 
prolong  the  action  of  the  liquid  by  itself  supplying  the  oxygen 
to  the  plate.  This  process  was  used  in  Byrne's  pneumatic 
battery,  §  219,  and  produced  a  very  powerful  current  from  small 
cells. 

231.  Bichromate  Single  Cell. — ^This  consists  of  two  plates  of 
carbon,  with  one  of  zinc  between  them,  fitted  so  that  it  can  be 
raised  out  of  the  liquid.  Of  late  many  of  the  shops  have  small 
bichromate  cells  without  this  fitting,  the  intention  being  to  let 
the  cells  go  on  working  to  exhaustion ;  it  is  therefore  deeirable 
to  warn  readers  against  using  such  cells,  which  are  most  extra- 
vagant and  unsatisfactory.  Used  for  the  purposes  to  which  it 
is  suited,  the  bichromate  cell  is  one  of  the  most  useful ;  it 
furnishes  a  most  powerful  current  for  a  very  short  time,  it  i& 
therefore  admirably  adapted  for  short  experiments  with  induo- 
tion  coils,  as  it  gives  a  greater  force  than  the  nitric  add  bat- 
teries, and  has  no  unpleasant  fumes,  while  it  can  be  set  aside  for 
weeks  and  be  ready  for  action  at  any  instant.  But  for  long- 
sustained  action  it  is  utterly  useless,  as  its  force  fails  very  fast. 
The  simple  action  of  raising  and  lowering  the  sine,  however, 
instantly  restores  it  for  reasons  explained  §  225.  Fig.  46  shows 
the  usual  construction. 

The  containing  vessel  is  a  glass  bottle  enlarged  into  a  globe 
below ;  the  object  is  merely  to  hold  a  larger  quantity  of  liquid, 
and  any  form  of  vessel  will  answer.  The  essential  part  is  the 
top  which  carries  the  plate ;  this  is  best  made  of  ebonite,  but 
hard  baked  wood  saturated  with  paraffin  will  do ;  in  the  oentie 
of  this  is  screwed  a  projecting  brass  tube  split  at  the  top  to  grip 
the  rod  carrying  the  zinc  which  slides  in  it :  the  foot  of  this 
tube  also  passes  through  a  plate  of  brass  extending  on  one  side 
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of  the  cover  to  the  negative  binding-screw.  Tliis  sliding  part 
is  often  troublesome,  as  the  surfaces  tarnish  and  make  bad 
contact ;  they  should  be  well  ^t  to  avoid  this,  and  some  attach 
an  open  spiral  of  wire  to  the  Tower  part  of  the  rod  and  to  the 
tnbe,  so  as  to  make  a  fixed  metallic  circuit  independent  of  the 
sliding  one ;  others  attach  the  binding-screw  to  the  top  of  the 
sliding  rod.  It  is  desirable  to  form  a  screw-thread  on  the  top 
of  the  tnbe,  and  fit  to  it  a  nut,  by  tightening  which  contact  is 
improved,  and  the  zinc  firmly  held  up  when  not  in  action ;  also 
a  sqnare  tube  and  rod  are  better  than  round  ones,  as  they  keep 

F10.4& 


the  zinc  always  parallel  with  the  carbons.  The  zinc  is  commonly 
fixed  to  the  rod  by  means  of  a  screw  on  the  end,  but  it  is  far  better 
to  solder  them  together.  I  was  once  greatly  troubled  with  an 
irregular  battery,  which  would  not  keep  to  its  work,  though  I 
pulled  it  to  pieces  and  set  everything  right,  as  it  appeared,  and 
after  great  trouble  traced  the  whole  fault  to  this  point;  acid 
had  found  its  way  into  the  thread  of  the  screw  and  entirely 
destroyed  the  connection.  The  carbons  are  secured  to  the  cover 
by  means  of  two  angle  pieces  or  brackets  of  brass  or  iron,  as 
shown  (a.  Fig,  46),  and  these  brackets  are  connected  to  the  + 
binding-screw.  The  connection  is  thus  one  of  simple  contact, 
and  with  a  porous  carbon  it  is  common  for  acid  to  find  its  way 
up  between  the  surfaces  and  destroy  the  contact.  This  may  be 
entirely  remedied  by  the  plan  described  in  §  222  ;  and  the  upper 
part  of  the  carbon  being  coppered  the  bracket  may  be  soldered 

Digitized  by  VjOOQIC 


158  GALYANIO  BATTSBIE8.  [l^l. 

to  it,  and  perfect  connection  insured,  and  protected  by  a  ooTer- 
ing  of  paraffin. 

It  is  impossible  to  estimate  tbe  cost  of  working  this  oelL 
because  the  local  action  in  it  is  so  great,  and  this  being  nearlj 
constant  while  the  zinc  is  immersed,  or  when  frequently  re- 
moved, its  proportion  to  the  work  actually  done  will  be  leas  a6 
this  is  greater — greatest,  that  is,  when  there  is  great  resistanoe. 
For  the  average  of  working  it  is  probable  that  the  cost  may  be 
taken  as  *  2000,  or  half  as  much  again  as  given  in  §  208. 

A  very  convenient  form  of  this  cell  is  used  as  a  battery  and 
commutator  combined,  for  such  pui*poses  as  bells  and  other 
appliances  requiring  a  momentary  current ;  the  zinc  and  its  rod 
is  supported  by  a  spring,  spiral  or  otherwise,  and  is  pressed 
into  the  liquid  when  the  current  is  required ;  on  relieving  the 
pressure  the  zinc  leaves  the  liquid,  and  cuts  off  the  current 
The  same  form  of  cell  is  also  used  in  apparatus  for  obtaining 
light,  and  for  lighting  gas.  The  zinc  plate  in  these  should  be 
fixed  parallel  to  the  surface  of  the  liquid  so  that  a  small  motion 
will  immerse  it. 

Slater's  Iron  Cell. — In  almost  all  the  forms  of  battery  iron 
may  be  used  in  .place  of  zinc  for  the  dissolving  metal,  but 
owing  to  its  lower  electromotive  force,  and  other  practical 
reasons,  it  is  seldom  employed ;  however,  Mr.  Slater  has  intro- 
duced a  form  of  cell  in  which  iron  as  the  negative  metal  is 
combined  with  the  use  of  nitrates  as  the  oxidizing  agent,  and 
which  may  be  of  use  where  it  can  be  so  placed  that  the  fumes 
from  it  are  not  injurious,  for  though  less  than  in  other  cases, 
these  are  still  given  off,  and  render  it  objectionable  in  a  con- 
fined space.  It  cannot  be  used  for  such  purposes  as  nitric  add 
cells  are  used  for,  but  might  be  useful  in  factory  work. 

The  construction  is  the  same  as  the  Bunsen,  a  block  of  carbon 
in  a  porous  cell  of  large  size,  as  1000  fluid  grains  contain  only  6*  5 
units  of  acid  available.  The  solution  is  nitrate  of  soda,  satu- 
rated at  100^  Fahr.,  and  2  equivalents  of  sulphuric  acid  added 
for  I  of  salt  dissolved,  which  brings  the  specific  gravity  to 
about  1*568.  On  cooling,  a  quantity  of  sulphate  of  soda  ciy^ 
tallizes  out. 

At  starting,  the  outer  cell  is  charged  with  water,  to  which  is 
added  a  small  proportion  of  the  solution  to  render  it  conducting, 
and  set  up  the  action,  which  is  then  kept  up  by  electrolysis  and 
by  endosmose,  though  it  is  to  be  observed  that  the  liquid  passes 
somewhat  rapidly  into  the  inner  cell,  the  liquid  in  which  stands 
at  a  considerably  higher  level  than  in  the  outer  ;  the  action  is 
maintained  by  removing  a  portion  of  the  inner  liquid  at  times, 
and  adding  fresh  solution,  so  that  there  is  little  waste.     The 
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power  of  this  cell  is  oonfiiderable,  and  its  cost  *  1086  of  a  penny 
per  unit. 

232.  Iron  Perghloride. — This  has  been  employed  in  batteries ; 
its  action  oonsists  in  undergoing  a  reduction  to  ferrous  chloride, 
and  the  object  aimed  at  was  the  regeneration  of  this  by  absorbing 
oxygen  from  the  air,  so  as  to  maintain  an  inexhaustible  oxidant. 
It  has  the  same  drawback  as  the  bichromate  battery  in  rapid 
failure,  and  its  force  is  also  low :  there  are,  however,  cases  in 
which  such  a  combination  might  be  useful,  and  it  will  form  a 
single  cell  with  iron  as  positive,  and  work  to  exhaustion  if  free 
acid  enough  is  occasionally  added  and  the  excess  of  liquid  re- 
moved. 

Peroxide  of  iron  might  be  employed  for  similar  reasons,  instead 
of  and  in  the  same  way  as  the  manganese  peroxide,  §  233,  but  it 
gives  only  just  half  the  force  of  the  latter. 

233.  Peroxide  of  Manganese  Battery. — ^Various  peroxides 

have  been  employed  to  surround  the  negative  plate  and  furnish 

the  oxygen.    Peroxide  of  lead  is  the  most  powerful  of  all,  and 

consequently  a  battery  in  which  this  is  used  gives  a  very  high 

electromotive  force ;  but  it  is  costly,  and  has  never  been  used 

except  experimentally,  but  it  is  the  active  agent  in  the  geeondary 

batteries  made  of  lead  plates.    The  peroxide  of  manganese  was 

first  used  by  De  la  Bive,  many  years  ago,  but  the  difSculties 

which  soon  present  themselves  to  those  who  use  it,  limit  its 

applications,  though  it  has  many  good  qualities,  which  have 

brought  it  into  use,  and  it  has  been  patented  under  the  name  of 

'"Leclanche"  cell.    For  cases  requiring  a  large  current,  as  in 

plating,  or  for  magnets  or  coils,  it  is  absolutely  useless ;  for  a 

small  occasional  current,  on  the  other  hand,  as  for  ringing  bells, 

household  signals,  <&c.,  it  is  one  of  the  most  useful  forms ;  though 

the  statements  made  by  sellers  that  the  cell  is  calculated  to 

work  for   "three  years'*  is,  of  course,  pure  nonsense.    Like 

every  other  form  it  can  yield  a  current  equivalent  only  to  the 

quantity  of  material  used  in  it,  which  wiU  be  exhausted  in  a 

greater  or  less  time  according  to  the  work  done.    Its  duration 

depends  upon  two  things — the  quantity  of  the  excitant  and  the 

quantity  of  the  manganese. 

The  work  any  manganese  cell  can  do  will  probably  be  to 
famish  one  imit  of  current  for  each  150  grains  of  manganese 
put  in  it. 

The  peroxide,  or  binoxide,  of  manganese  is,  on  the  atomic 
notation,  MnOj  =  87 ;  two  of  these  molecules  enter  into  the 
reaction  producing  MusOs  sesquioxide  of  manganese,  and  O 
I  atom  of  oxygen ;  therefore  87  of  it  by  weight  yields  8  of 
oxygen,  and  i  unit  of  current ;  but  this  is  the  pure  substance, 
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while  the  commercial  manganese  contains  often  a  large  per- 
centage of  impurity,  so  that  icx>  is  about  the  unit :  in  additioii 
to  this,  as  no  solution  occurs,  the  action  takes  place  only  on  tbe 
surface  of  the  particles  into  which  the  material  is  divided,  and 
hence  a  considerable  portion  may  escape  action ;  it  is  theiBfore 
impossible  to  fix  upon  any  quantity  as  the  electric  unit ;  it  maj 
range  from  lOO  to  200  grains  or  more.  According  to  Leclanchg, 
to  100  parts  of  peroxide  and  100  of  sal-ammoniae,  there  are  50 
parts  of  zinc  dissolved.  The  peroxide  is  a  good  eonductor ;  the 
resulting  sesquioxide  is  not  a  conduotor  (and  the  same  is  the  case 
with  the  corresponding  lead  oxides),  hence  the  action  tends  to 
diminish :  and  a  main  object  must  be  to  spread  the  material  in 
as  thin  a  film  as  possible  over  a  large  area  of  conducting  suriaoe. 
This  is  most  r^idily  accomplished  by  crushing  carbon  into 
various  sizes,  from  a  pea  down,  and  packing  the  larger  pieces 
tightly  in  a  porous  jar,  in  layers,  so  that  the  particles  are  in 
firm  ocmtact  among  themselves,  and  with  a  plate  or  bar  of  carbon 
which  forms  the  main  plate  or  conductor ;  the  finer  grains  should 
be  mixed  with  three  times  their  bulk  of  manganese  also  in  ^jie 
grains  and  sifted  in  among  the  network  of  large  pieces  :  the  fine 
powder  has  to  be  sifted  out,  because  it  resists  the  penetratioa 
of  the  liquid.  The  result  of  this  arrangement  is  to  expose  a  veiy 
large  surface,  which  compensates  for  the  inherent  slovmess  of 
the  action  itself,  and  reduces  the  internal  resistance. 

A  very  small  surface  of  zinc  is  sufficient,  and  it  generally  is 
one  or  two  small  cast  rods  or  rolled  strips  suspended  in  the 
outer  vessel 

This  is  the  usual  arrangement,  but  it  is  far  better  to  reverse  it, 
and  put  the  zinc  inside  the  porous  vessel,  making  the  battery 
up  as  described  §  224  with  the  manganese  added  as  above. 

The  Leclauch6  cell  is  now  oonstructed  with  a  conglomerate  or 
solidified  block  of  carbon  and  manganese,  whieh  can  be  replaced 
by  new  when  exhausted.  This  dispenses  with  the  use  of  the 
porous  cell. 

234.  The  Excitant. — Either  common  salt  or  sal-ammoniae  is 
employed,  though  others  will  answer.  It  may  at  first  sight 
seem  difficult  to  say  why  sal-ammoniac  at  6d.  per  lb.  should  be 
used  if  common  salt  at  3  lb.  per  penny  will  answer ;  but  as  a 
couple  of  ounces  of  the  cbloride  of  ammonium  will  charge  a  cell 
such  as  the  ordinary  Leclanchd,  and  do  the  amount  of  work  for 
which  alone  it  is  properly  fitted  for  several  months,  the  question 
of  economy  dwindles  to  a  very  small  matter  against  the  higher 
electromotive  force  the  ammonium  chloride  gives  over  that  fur- 
nished by  the  sodium  chloride.  The  reason  for  this  higher 
electromotive  force  is,  that  soda  displaces  ammonia  from  its 
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salts,  and,  of  course,  in  doing  so  loses  foroe;  therefore,  when 
they  are  decomposed  the  sodium  salt  has  less  to  yield.  In  the 
one  case,  caustic  soda  is  generated  within  the  porous  cell ;  in  the 
other,  ammonia  is  set  free  and  given  off,  while  the  soda 
remaining  exerts  a  counter-electromotive  foroe.  The  force  is 
greatly  increased  by  occasionally  adding  a  little  acid  to  the 
manganese  cell  to  neutralize  the  alkali. 

Caiomel  has  been  proposed  as  an  addition  to  the  manganese 
cell  in  the  expectation  that  the  mercury  would  be  set  free  and 
anmioninm  chloride  produced.  This  reaction  would  not  occur, 
as  ammonia,  chlorine,  cuid  mercury  are  capable  of  uniting 
together  in  several  combinations:  but  it  is  possible  that  the 
reaction  may  give  steadiness  and  higher  E  M  F  to  the  ceU,  but 
whether  the  gain  is  equivalent  to  the  cost  is  doubtful. 

I  have  found  the  electromotive  foroe  at  first  starting  to  be 
with— 

Sal-ammoniac       ^'543  ^olts. 

Sulphate  of  ammonia i*493     n 

Common  salt         .«     1*285     „ 

Ammonium  chloride  forms  double  salts  with  zinc  chloride, 
and  also  with  hydrated  zinc  oxide,  and  the  latter  compound 
appears  in  the  form  of  crystals  upon  the  zinc  and  porous  cells. 
The  crystals  have  the  formula  Zn  O,  H^  0,  N  H4  CI.  As  they 
obstruct  the  action  they  should  be  removed  with  warm  water 
containing  a  little  add,  but  they  do  not  form  so  readily  if  a  half- 
saturated  solution  is  used. 

The  cost  of  the  manganese  cell  is  probably  *  25  of  a  penny  per 
unit  for  materials,  but  this  is  the  least  consideration,  because  the 
trouble  of  charging  is  the  real  cost. 

235.  The  manganese  cells  are  troublesome,  because  the  porous 
cells  choke  up  and  are  broken  by  the  formation  of  the  double 
salts  mentioned,  and  especially  because  the  ammonium  chloride 
finds  its  way  between  t^e  carbon  and  the  lead  cap  usually  cast 
upon  the  carbon  as  a  connection,  and  produces  a  film  of  non- 
conducting matter  between  them.  But  they  are  very  largely 
used  in  telegraphy  and  for  electric  bells. 

For  many  purposes  a  cell  constructed  with  crushed  carbon  as 
described  will  serve  without  the  addition  of  manganese,  espe- 
cially if  the  cell  is  made  rather  high,  the  solution  rising  only 
half-way  up  it,  and  free  access  of  air  allowed  to  the  carbon: 
but  this  is  available  for  only  very  short  demands  upon  its 
force. 

236.  Sulphate  of  had  has  often  been  used  in  batteries,  and  a 
patent  was  taken  out  for  using  it  in  a  series  of  cups  of  copper  fixed 
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on  a  copper  rod.  But  the  electromotive  force  is  low,  tboogh 
fairly  constant,  and  the  cost  '  1738  of  a  penny,  subject  to  any 
residuary  value.  It  can  be  used  with  sulphate  of  zinc  solution, 
or  with  common  salt,  which,  however,  carries  lead  to  the  zinc 
plate,  and  undergoes  a  curious  reaction,  by  which  sodium 
appears  to  react  upon  part  of  the  lead  sulphate  and  generate 
a  sulphide,  which  ultimately  gives  off  sulphuretted  hydrogem. 

237.  The  Sulphate  op  Mercury  Cell. — This,  which  is  called 
from  its  inventor,  the  Marie-Davy  Cell,  is  of  use  only  in  cinnun- 
stances  requiring  a  small  intermittent  current  of  great  force;  it 
is  a  zinc  and  carbon  pair,  the  latter  of  which  extends  to  tiie 
bottom  of  the  vessel  and  dips  into  a  mass  of  the  sulphate.  The 
vessel  is  then  charged  with  water,  which  dissolves  a  small 
portion  of  the  salt  slowly,  and  this  sustains  the  action,  the  add 
radical  acting  on  the  zinc,  the  mercury  depositing  on  the  carbon, 
from  which  it  falls  and  collects  as  metal  at  the  bottom.  The 
action  can,  therefore,  only  be  sustained  at  the  slow  rate  at 
which  the  salt  enters  into  solution.  It  has  gone  out  of  u^e 
because  the  manganese  cells  answer  the  practical  purposes  to 
which  it  is  adapted,  and  the  chloride  of  silver  is  better  for 
scientific  uses. 

2j8.  Clark's  Mercury  Cell. —  This  vwis  devised  by  Mr. 
Latimer  Clark,  not  as  a  working  cell,  but  as  a  standard  of 
electromotive  force,  to  compare  with  other  cells  by  means  of 
condeusers  or  electroscopes,  it  having  a  constant  electromotive 
force  of  volt  i  '457.  It  consists  of  a  layer  of  pure  mercury  as 
the  negative  plate,  connected  by  means  of  a  platinum  wire  in  a 
glass  tube.  On  this  is  laid  a  paste  of  mercurous  sulphate, 
which  has  been  boiled  in  a  thoroughly  saturated  solution  of  zinc 
sulphate ;  the  positive  element  is  a  plate  of  pure  zinc  resting  on 
the  paste.  Mercurous  sulphate,  Hg2S04,  can  be  made  by 
heating  i  part  of  mercury  in  ij  of  oil  of  vitriol,  taking  care  that 
the  heat  does  not  rise  to  the  boiling-point,  which  would  produce 
mercuric  sulphate  HgS04.  The  mass  is  to  be  washed  with  cold 
water  as  long  as  an  acid  reaction  is  shown.  If  any  mercuric 
sulphate  is  present,  a  yellow  colour  will  be  produced,  and  the 
substance  should  be  rejected.  In  fitting  up  the  cell,  it  should 
be  warmed  with  the  mercury  in  it,  and  the  paste  inserted  after 
boiling  to  expel  air.  The  zinc  is  then  placed  in  it,  and  melted 
paraffin  poured  on  to  exclude  air.  A  cell  intended  to  serve  as  a 
standard  of  E  M  F  should  never  be  allowed  to  pass  a  current ; 
with  this  precaution  it  will  be  fairly  constant.  Heat  decreases 
the  B  M  F  about  '06  per  cent,  per  degree  Cent,  for  about  lo"^  C. 
above  or  below  15°.  Below  this  and  towards  o®  C.  the  E  M  F 
increases  *o8  per  degree. 
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239.  Chloride  op  Silver  Cell. — This  is  a  wire  or  plate  of 
silver,  upon  whicli  chloride  of  silver  has  been  melted  as  a  coating 
of  "  horn  silver  "  in  a  solution  of  zinc  chloride,  and  is  much  used 
to  work  small  pocket  coils  for  medical  purposes. 

The  freehly-dried  chloride  of  silver  can  be  fused  over  a  gas- 
burner  in  a  porcelain  dish  or  crucible,  and  the  silver  dipped  into 
it ;  after  it  has  attained  the  proper  heat  to  cause  a  film  to  adhere 
it  is  removed,  and  after  cooling  a  little,  re-dipped  till  a  sufficient 
coating  has  adhered.  This  is  usually  wrapped  in  blotting-paper 
or  other  material  which  will  absorb  liquid,  and  a  zinc  plate 
pressed  against  each  side.  The  plates  are  often  attached  to  a 
cap,  which  can  screw  on  the  top  of  an  ebonite  case.  They  are 
to  be  dipped  occasionally  in  a-  weak  solution  of  chloride  of 
zinc  to  remove  excess  formed  by  the  reaction  which  produces 
that  salt. 

But  the  chloride  maybe  used  as  a  powder,  in  the  same  way  as 
the  sulphate  of  mercury  in  the  Marie- Davy,  or  it  may  be  mixed 
with  powdered  graphite,  and  used  in  a  porous  cell  with  a  plate 
of  carbon.  As  chloride  of  silver  is  produced  on  the  large  scale 
in  refining  and  other  metallurgical  operations,  and  has  to  be 
reduced  for  the  sake  of  its  metal,  it  would  appear  that  where  it 
can  be  obtained  at  a  trifle  less  than  the  value  of  the  silver  it 
contains,  a  very  economical  and  powerful  battery  might  be  thus 
produced.  The  reduced  silver  can  be  dissolved  in  nitric  acid, 
and  the  chloride  reproduced.  It  might  be  revivified  by  a 
reverse  current,  in  which  case  this  battery  would  be  an  excellent 
secondary  battery;  but,  as  in  many  cases  of  electrolysis  of 
chlorides,  a  considerable  quantity  of  oxychloride  is  produced, 
which  is  not  readily  reduced  again. 

240.  De  La  Bue's  cells  are  composed  of  a  cylinder  of  chloride 
2^  inches  long  and  ^  of  an  inch  thick,  cast  upon  a  flattened 
silver  wire,  and  wrapped  in  a  tube  of  parchment  paper.  The 
wire  passes  through  a  stopper  of  paraffin  wax  (which  also  carries 
a  small  zinc  rod)  inserted  in  a  test-tube  i  inch  in  diameter  and 
5^  inches  long :  the  solution  is  ammonium  chloride  200  grains 
to  the  pint  of  water.  The  E  M  F  is  i  •  065  volts,  and  the  resist- 
ance 3  to  4  ohms,  increasing  as  oxychloride  forms  on  the  zinc 
sometimes  to  30  or  40  ohms.  This  deposit  can  be  removed  by 
dipping  in  dilute  hydrochloric  acid.  The  cells  are  mounted  in 
racks  Uke  test-tube  stands,  and  Mr.  Warren  de  la  Bue  possesses 
a  collection  of  I4,4CX)  such  cells,  with  which  he  has  performed 
many  interesting  experiments  at  the  Boyal  Institution,  men- 
tioned §  ioi,p.  8^.  ^ 

241.  Zinc  in  alkcdi, — In  all  forms  so  far  considered  acids  have 
been  employed  as  solvents  of  the  positive  metal :  but  alkalies 
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may  be  employed  with  metals  soluble  in  them ;  thns  zinc,  lead, 
and  tin  are  soluble  in  caustic  soda  and  potash,  producing  mate- 
rials useful  in  dyeiug  and  other  arts.  Copper  is  soluble  in 
ammonia,  producing  a  compound  (ouprammoninm)  which  hu 
the  property  of  dissolving  cellulose.  Caustic  alkalies  or  tiiieir 
carbonates  separated  from  acids  by  porous  cells  generate  E  M  F 
by  their  reaction,  even  with  plates  of  similar  metal,  as  platinum, 
and  this  may  be  added  to  the  force  arising  from  their  separate 
relations  to  different  metals.  The  only  objection  to  alkalies  ii 
that  they  absorb  carbonic  acid  from  the  air. 

Caustic  soda  will  replace  the  acid  in  a  Daniell's  cell,  giving  a 
higher  E  M  F.  The  two  liquids  react  upon  each  other  and  pro- 
duce a  precipitate,  so  that  an  open-grained  porous  cell  is 
desirable,  or  one  can  be  made  up  advantageously  of  several 
thicknesses  of  parchment  paper.  The  precipitate  is  itself 
electrolysed,  and  so  transmits  the  action. 

242.  This  principle  is  applicable  in  a  variety  of  cases :  for 
instance,  a  powerful  cell  can  be  made  with  nitrate  of  silver  in  a 
porous  cell  and  chloride  of  zinc  in  the  outer  cell.  The  chloride 
of  silver  fills  the  pores  and  stops  endosmose,  while,  being  eleo- 
trolysable,  it  does  not  stop  the  current.  Such  a  cell  resembles 
the  Daniell  with  a  silver  salt  replacing  the  copper  sulphate,  and 
the  silver  is  deposited  on  the  negative  plate. 

243.  Bennett's  battery  is  a  simple  apparatus,  well  adapted  to 
purposes  similar  to  those  for  which  the  Leclanch6  is  used.  The 
outer  cell  is  a  cylinder  of  iron,  and  for  rough  purposes  preserved 
meat  tins  have  been  used.  The  porous  cell  being  inserted,  the 
space  is  packed  with  coarse  iron  borings,  which  give  a  large 
surface  of  the  character  best  adapted  to  giving  off  hydrogen. 
The  excitant  is  caustic  soda  or  potash,  in  which  the  zinc  can  he 
suspended  from  the  cover.  The  electromotive  force  is  variously 
stated  as  from  volt  1*15  to  i'3.  My  own  experiments  give 
1  •  259  when  first  set  up.  If  worked  on  short  circuit,  the  force 
soon  lowers  to  less  than  half,  and  recovers  aft^r  resting.  It  is 
a  cheap  battery  to  work,  as  the  soda  solution  is  easily  prepared 
by  boiling  i  lb.  carbonate  of  soda  (common  washing  soda)  in 
4  pints  of  water  with  6  ounces  of  quicklime  reduced  to  a  cream 
with  part  of  the  water.  The  boiling  should  be  effected  in  an 
iron  pot  not  tinned,  and  continued  as  long  as  the  clear  solution 
effervesces  on  addition  of  acid.  It  can  be  separated  from  the 
carbonate  of  lime  by  settlement  and  pouring  off,  and,  if  desired, 
boiled  down  to  dryness  for  keeping.  The  solution  of  potash 
gives  a  higher  force  than  soda,  but  is  more  expensive.  The  zinc 
dees  not  require  amalgamation,  and  may  be  recovered  in  the 
form  of  a  white  oxide  suitable  for  paint* 
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244.  Sarth  Battbry. — A  plate  of  zino  and  one  of  copper,  or  a 
bag  of  coke  buried  a  little  apart  in  moist  earth,  has  been  used 
under  the  name  of  an  earth  battery,  for  driving  olocks.  This  is 
its  only  use,  and  as  it  has  a  low  force  and  high  resistance,  all 
that  can  be  said  in  its  favour  is  that,  once  mounted,  it  is  out  of 
the  way  and  requires  no  attention ;  but  any  ordinary  small  cell 
will  do  as  much  work.  It  is  not  possible  to  have  several  in 
series,  but  the  action  can  be  increased  by  placing  the  zinc 
plate  under  a  stable  or  in  other  position  where  saline  liquids 
can  penetrate.  Some  have  constructed  an  earth  battery  by 
using  the  lead  water-pipe  as  one  plate  and  the  iron  gas- 
mains  as  the  other;  but  this  means  injury  to  the  latter,  and 
that  injury  is  likely  to  occur  at  the  nearest  possible  point  to  the 
user. 

245.  There  are  many  other  forms  of  the  galvanic  cell ;  many 
useless ;  most  mere  modifications  or  forms  of  those  described. 
Others  have  great  scientific  interest,  but  do  not  come  within  the 
objects  of  the  present  work.    Such  is  Grove's  Gas  Cell,  in  which 
OTygien  and  hydrogen  are  in  contact  with  platinum   plates 
dipping  in  an  acid  solution  which  separates  the  gases,  and  act 
the  part  of  the  metals  while  recombining  as  water :  this  is,  in 
fact,  the  voltameter  reversed,  and  a  voltameter  with  separate 
receptacles  whose  plates  project  above  the  liquid  will,  when  the 
decomposing  current  is  cut  off,  act  in  turn  as  an  electromotor 
and  give  up,  in  the  form  of  a  galvanic  current,  the  energy 
employed  in  setting  the  gases  free.    There  are  very  many  forms 
of  this  principle,  such  as  those  which  act  by  absorbing  oxygen 
from  the  air ;  of  these,  one  of  the  most  interesting  is  that  pro- 
posed by  Messrs.  Gladstone  and  Tribe,  who  have  made  so  much 
use  of  the  electrolytic  action  upon  substances  of  a  copper-zinc 
couple,  formed  by  zinc  on  which  pulverulent  copper  is  precipi- 
tated &om  the  sulphate.    When  silver  and  copper  are  connected 
in  a  solution  of  copper  nitrate  well  aerated,  the  copper  dissolves 
and  cupreous  oxide  is  deposited  on  the  silver ;  a  similar  action 
occurs  in  a  solution  of  zinc  chloride  with  zinc  and  copper.     The 
negative  metal  is  arranged  as  a  tray  near  the  surface,  perforated 
in  many  places,  and  containing  also  crumpled  masses  of  the 
metal  in  foil  rising  above  the  liquid  to  facilitate  absorption  of 
oxygen.     Such  means  of  absorbing  oxygen  from  the  air  may  be 
applied  to  many  reactions,  and  offer  good  promise  of  utility, 
especially  on  a  large  scale.    In  fact,  as  before  observed,  any 
chemical  reaction  which  occurs  between  conducting  substances 
'OiSkj  be  utilized  to  generate  electric  currents.     This  fact  dis- 
poses of  the  old  theory  that  E  M  F  is  the  result  of  the  mere 
contact  of  different  metals  (or  different  bodies,  as  in  the  recently 
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revived  form  of  the  contact  theoiy),  for  the  force  is  set  np  vrbeiB 
there  are  no  different  metals  in  contact,  and  generally  the 
chemical  affinity  alone  supplies  and  measures  exactly  the  elec- 
tromotive force.  This  is  also  shown  by  the  fact  that  m  a  copper 
and  iron  pair  iron  is  the  positive  metal  in  acids  because  it  die- 
solves  ;  but  in  sulphide  of  potassium,  which  dissolves  copper, 
the  copper  is  the  positive  metal.  This  difference  was  verj 
prettily  applied  by  Mr.  Fleming  in  attacking  the  contact  theoiy, 
by  arranging  cells  containing  nitric  acid  alternately  with  cells 
containing  sodium  pentasulphide,  and  connected  alternately 
with  bent  strips  of  lead  and  copper ;  in  the  acid  lead  is  positive 
to  copper,  and  in  the  sulphide  it  is  negative  ;  so  that  a  battery 
is  composed  in  which  there  is  no  contact  of  metals,  and  the 
terminal  cells  contain  the  same  metal,  which,  being  copper, 
gives  also  no  contact  of  dissimilar  metals  when  the  copper  con* 
ductors  fiom  a  galvanometer  are  connected.  The  combinatioD 
is  said  to  have  one-fourth  the  force  of  a  similar  number  of 
Daniell  cells.  It  is  not  available  for  practical  purposes,  but  has 
much  theoretical  and  scientific  interest. 

2/l6.  Batteries  are  being  largely  superseded  by  dynamo- 
macnines,  as  a  matter  of  economy.  The  principles  indicated  in 
this  chapter  may  show  manufacturers  and  others  that  in  many 
cases  economy  will  tend  to  the  opposite  process.  As  all  chemical 
reactions  which  occur  spontaneously,  liberate  energy,  which  is 
usually  wasted  in  practice,  but  might  readily  be  converted  in 
many  cases  into  electrical  work,  it  is  evident  that  this  "  waste 
product "  may  be  utilized.  The  production  of  metallic  paints, 
solutions  for  dyeing  purposes  and  many  other  chemical  products 
might  well  be  combined  with  the  production  of  electric  currents 
to  bring  about  other  reactions  which  now  necessitate  the  supply 
of  external  energy,  usually  effected  by  means  of  heat. 

247.  Arrangement  of  Batteries. — The  laws  which  govern 
the  mode  of  arrangement  of  a  number  of  cells,  in  order  to  effect 
most  work,  will  be  found  in  the  chapters  on  Current  and 
EMF. 

In  joining  cells,  care  should  be  taken  not  to  waste  energy  in 
the  connections :  all  contacts  should  be  as  large  as  possible, 
and  perfectly  clean.  This  is  often  neglected  in  mounting 
batteries,  particularly  in  Grove's  cells,  where  the  platinxun  is 
bent  over  and  screwed  to  the  next  zinc ;  in  all  such  cases  the 
metal  should  be  fixed  to  a  thick  plate  of  brass,  so  as  to  screw 
ifirmly  to  the  zinc. 

The  connecting  wires  should  be  of  good  size,  and  should  be 
wound  in  a  spiral  in  order  to  give  some  elasticity.  Care  shonld 
be  taken  that  the  troughs,  boards,  &c.,  are  quite  dry,  and  that 
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there  has  been  no  leakage  or  creeping  of  liqnids  from  the  oellfl, 
-v^liich  causes  short  circuits  and  great  loss  of  power.  To  avoid 
tills,  the  jars  should  not  stand  directly  upon  a  board ;  but  a  good 
plan  is  to  place  two  strips  of  varnished  glass  edgeways  along 
tlie  troughs  or  stands,  for  the  cells  to  be  placed  on. 


Fia.  47. 


248.  A  plan  I  have  found  very  convenient  is  shown  Fig.  4*7. 
B  is  a  wooden  base  across  which  are  secured  strips  bb  oi  glass. 
A  is  a  bar  of  wood  raised  to  the  suitable  height,  in  which  are 
Bunk  holes,  marked  1-6,  each  pair  intended  for  the  connections 
of  one  cell,  while  one  row  is  for  the  whole  of  the  zincs,  and  the 
other  for  the  positive  poles  of  the  cells;  each  row  is  per- 
manently connected  to  a  bindingnscrew  +  and  —  by  wires 
under  the  wood  let  into  the  last  hole  of  the  row :  the  holes  are 
to  serve  as  mercury  cups  and  should  be  f  inch  deep :  pieces  of 
copper  wire^  bent  over  at  each  end,  bridge  over  and  connect  the 
cups  as  desired,  and  enable  the  connections  to  be  made  as 
desired ;  they  are  shown  connected  two  cells  in  multiple  arc  and 
in  series  of  three.  The  cells  are  placed  3  on  each  side  of  the 
commutator  bar  A.  The  outer  cells  Ou  (as  Daniells)  have  wires 
which  connect  them  to  their  proper  cups,  as  have  the  zincs. 
When  th©  batteiy  is  out  of  use,  the  zincs  can  be  lifted  out  and 
placed  in  a  jar  01  water,  with  corks  on  the  ends  of  their  wires ; 
the  porous  cells  can  be  also  removed  and  stood  in  a  vessel  con- 
taining the  same  liquid  as  themselves ;  the  copper  cells  remain 
in  their  place,  with  covers  on,  and  the  whole  is  again  mounted 
in  a  minute  when  required.  It  is  evident  that,  if  the  battery  is 
to  be  kept  somewhere  inconvenient  of  access  during  experiments, 
the  bar  A  may  serve  only  to  connect  the  cells,  and  wires  can  be 
led  from  the  cups  to  a  second  similar  bar  elsewhere  which  will 
serve  only  as  the  commutator.    This  plan  is  alsoconvenient 
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Fig.  48. 


when  B  is  the  bottom  of  a  box  in  which  the  whole  batteiy  is 
inclosed ;  then  the  second  bar  A  can  be  attached  to  the  outside 
of  this  box  and  be  the  only  part  exposed.  A  should  be  re- 
movable for  convenience  of  cleaning. 

249.  This  latter  mode  also  is  suitable  with  the  closed  nitric 
acid  cells  described  elsewhere ;  these  should  have  a  rather  long 
upright  vent-tube  rising  straight  up  from  the  cell ;  a  tray  can 
then  be  placed  over  the  whole  of  the  battery  (or  one  to  each  ce!l\ 
with  holes  in  the  bottom  for  the  tubes  to  pass  through,  the  tiay 
containing  lime  in  lumps  or  powder  to  absorb  the  fumes. 

Another  mode  of  effecting  this  absorption  of  fumes  is  shown 
Fig.  48.  B  is  a  bottle  cut  off  (or  a  closed  flask  may  be  used), 
with  its  neck  fitted  with  a  cork  carrying  a 
tube  to  be  placed  over  the  vent-tube  of  the 
cell ;  a  tray  of  perforated  lead  C  in  the  bottle 
supports  lumps  of  lime  or  chalk. 

All  the  wood  should  be  baked,  and   then 
boiled  in  paraffin,  of  which  a  good  coat  should 
remain  on  the  surfaces,  and  tibe  copper  wires 
should  be  well  protected  with  varnish  except 
at  the  ends  dipping  in  the  mercuiy,  which 
should  be  amalgamated  and  have  corks  stuck 
on  them  when  out  of  use.    It  should   be  re- 
membered that  when  a  strong  current 
through  a  porous  material,  it  carries  the  1 
with  it  from  the  zinc  cell,  §  186;  space  must  therefore'  be 
allowed  in  the  carbon  cell,  or  otherwise  the  liquid  will  be 
apt  to  overflow. 

250.  Work  and  Constancy  of  Cells.— Table  IV.  gives  a 
series  of  experiments  on  cells,  all  in  like  conditions,  with  plates 


Table  IV. — Work  and  Constancy  of  Cells. 


Hlniites. 

Hoars. 

1.      1      fi. 

15. 

30. 

1. 

s. 

Gopper-zino       ..     ..     .. 

Iron     

Lead 

Platinized  ailver       ..     .. 

Danieire 

Buneen's  nitric  add  . . 

Slater's       

Bichromate        

„         Single  cell     .. 

5*2 

2-9 

4-9 

17*7 

6-8 

13- 

7-8 
7'3 

12" 

4-2 
2* 

6-9 

7-3 

7-8 

10-6 

3-8 
1*7 

IX* 

7-3 

7' 

7-3 

9*4 

3'S 

r 
13' 

6-8 

7* 

8-4 

3-2 

p. 

lyi 

5*9 

4" 

3-8 

3- 

6-4 

12* 

4'a 

2*1 
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2X1  inches,  set  i  inch  apart,  and  with  no  external  resistance, 
except  that  of  a  tangent  galvanometer.  The  currents  are  given 
in  chemios,  and  therefore  are  proportional.  In  the  cells  with 
porous  division,  it  will  be  seen  the  current  rises  at  first  as  the 
liquids  soak  in ;  in  these  cells,  also,  the  current  is  reduced  by 
the  resistance  of  this  division  as  compared  with  the  single 
liquid  cells. 

251.  Table  V.  (p.  1 70)  contains  a  list  of  the  principal  substances 
used  in  electrical  operations,  arranged  to  accord  with  the  unit  of 
"  quantity  "  and  of  "  current "  used  in  this  work,  and  explained 
§  159,  showing  the  amount  of  each  required  to  act  with  the 
unit  of  electric  quantity  or  current.  The  weight  (col.  IV.J 
allows  for  the  ordinary  impurities  always  present  in  commercial 
articles,  and  applies  to  good  commercial  materials  not  intention- 
ally adulterated.  The  price  ^ool.  YL)  is  such  as  the  substances 
can  be  obtained  at  in  the  ordinary  way  ^with  the  exception  of 
the  silver  salts),  and  where  a  different  price  is  paid  the  user  can 
readily  apply  a  correction  to  the  unit  cost  (ooL  VII.)  in  any 
calculations. 

Under  the  French  system  of  weights  and  measures  such  a 
table  would  be  far  more  useful  than  our  wretched  confusion 
allows  it  to  be,  as  the  figures  obtained  for  the  small  units  would 
apply  equally  to  the  largest  amounts  used  in  practice,  while  in 
the  English  system  one  calculation  is  needed  to  convert  grains 
into  pounds,  and  then  another  to  ascertain  the  cost  of  these 
larger  quantities. 

252.  Cost  op  Battery  Working. — The  valae  and  mode  of 
tming  the  table  of  costs  will  be  seen  in  the  example  §  1 97.  These 
costs  are  those  of  unit  quantity.  But  to  compare  the  real  value 
of  different  cells  we  must  take  into  account  the  energy  of  the 
combination  as  well.  This  subject  will  be  explained  hereafter, 
but  the  re(|uired  information  is  given  by  dividing  the  cost  per 
unit  quantity  by  the  E  M  F  in  volts,  which  gives  the  cost  of  i 
equivolt  of  electric  energy  A673  ft-lbs.  The  unit  in  practical 
iwe  is  the  volt-ampere  or  joulad,  and  1  have  shown  the  value  in 
both  terms  in  Table  VI.  (p.  171 ).  Another  point  has  to  be  con- 
sidered in  deciding  upon  economy,  the  relative  internal  re- 
sistances: thus  while  lines  i  and  j  show  nearly  equal  cost  for 
energy,  the  nitric  acid  cell  gives  tne  energy  in  a  useful  form, 
while  the  copper-zinc  would  require  7  cells  in  series  to  equal 
I  Grove,  and  would  waste  the  greater  part  of  the  energy  within 
the  cells,  instead  of  giving  it  up  for  the  external  work. 

The  work  in  foot-pounds  done  by  i  grain  of  zinc  in  any 
combination  is  given  by  multiplying  4673  by  the  EMF  in 
volts  and  dividing  by  32*6,  the  equivalent  of  zinc,  or  more 
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Table  V. -—Substances  Used  in  Electric  Workwo. 


L  Name. 


'3-*' 

=11=1;  ^11 


=^1 


1.  Acid  hydrochlorio  .. 

y,  „     fl.  measure 

2.  „    nitric       

M       „    fl.  measure    .. 

3.  „    sulphuric 

„  „     fl.  measure 

4.  Ammonia        

„       fl.  measure     .. 

5.  Ammonium  chloride     .. 

6.  „  sulphate     .. 

7.  Calcium  chromate  . . 

8.  Copper 

9.  „     sulphate     ..     .. 

10.  Iron 

11.  Lead  sulphate . . 

1 2.  Manganese  peroxide 

I}.  Mercury 

14.  Mercuric  sulphate  .. 

15.  Potassium  cyanide.. 

16.  „         bichromate  .. 

18.  Silver       

19.  „    chloride 

30.  „    cyanide 

31.  „    nitrate 

23.  Sodium  chloride     ..      .. 

23.  „      nitrate       ..      .. 

24.  Zinc 

2$.     „   amalgamated ..     .. 

26.  „    sulphate 

27.  „   and  H,S04  cell      .. 


36-5 

63 
98 


17 

53*5 
132 
349 

63-5 
349-5 

56 

87 
200 

296 

65 

295 
295 
ro8 

134 
170 
585 

85 

65 


287 


gralnti. 
"3 

85 

96 

69 
50 
28 
48 
55 
56 
70 
60 

33 

126 

30 
'59 
100 
100 
150 
100 
300 

50 
108 
144 
134 
17a 

60 

87 
34 


61 


M.    d. 
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365 


73 

0 

8 

•10^ 

140 

0 

li 

•0107 

148 

0 

9 

•0608 

"5 

0 

6 

•O4«o 

100 

0 

3 

•0300 

116 

0 

7 

•0604 

212 

I 

0 

•C5W 

55 

0 

5 

'0900 

232 

0 

2 

•0086 

44 

0 

6 

•1363 

70 

0 

4 

•0572 

70 

4 

0 

•6«57 

46 

4 

0 

1-0285 

70 

3 

0 

•5144 

23 

0 

10 

•4290 

140 

0 

10 

•0715 

64 

135 

6 

16*4062 

48 

80 

0 

20-0000 

52 

80 

0 

18-5000 

40 

60 

0 

17-6914 

116 

0 

0* 

•0043 

80 

0 

2 

-0249 

201 

0 

4 

•0195 

.. 

0 

6 

•0291 

47 

0 

3 

•0634 

•0458 

1.  Hydrochloric  Acn>.~ Variable  in  streDgili;  good  qoality  Ib  of  sp.  gr.  i't6,  and 
contains  about  |2  per  cent.  HCl. 

2.  Nitric  AciD.—This  varies  greatly  thronirh  tbe  rarions  qualities  sold  as  nitric  aidd, 
aqnafortiB—double  and  single,  dipping  acid,  &c.  Tbe  hlghert  strength  has  a  sp.  gr.  1*5; 
ordinary  good  oommercUl  la  about  1*390  to  i '410,  and  contains  from  65  to  75  per  cent, 
HNO«.    I  liave  taken  tbe  add  at  i  '400,  and  m  equal  to  70  per  cent. 

J.  ScLPHURTG  Acid.— This  means  oonoentrated  oU  of  vitriol,  sp.  gr.  1*849,  vfakh  is 
obtainable  nearly  pure. 

4.  Ammonia,  sp.  gr.  -880,  contains  36  per  cent.  NH«. 

15.  Potassium  CrAMmK.— This  is  the  white,  whldh  varies  in  quality  fhim  about  50  per 
oent.  to  ^s,  tbe  highest  which  rai)  be  made,  as  the  process  involves  the  production  of  a 
proportion  of  cyanat^*.    The  quality  is  taken  as  6$  per  cenu 

18  to  20.— The  SiLVRR  Salts  are  calculated  as  If  made,  allowing  for  labour,  the  sDnr 
being  taken  at  6c.  per  ounce  troy.  The  cyanide  is  supp4>sed  to  be  simply  precipitated  and 
washed,  not  dried,  and  reckoned  at  $c.  per  ounce.  Tbe  chloride  has  an  extra  charge  on  It  to 
|>ay  for  separation  and  ftislon  for  use  in  batteries,  and  Is  tberefure  at  the  same  price  as  tbe 
cyanide.  The  chloride  ought  to  be  obtainable  }cL  per  unit  cheaper,  in  fact  at  Its  worth  in 
silver— that  is,  at  tSt.  per  lb.— as  it  U  a  product  in  silver  working,  and  has  to  be  reducad 
for  the  sake  of  its  metal.  Nitrate  of  sliver  may  be  bought  at  )s.  qd.  per  ounce,  the  price  In 
tbe  table.    The  cyanide  abouki  never  be  purdiaiBed,  as  it  ought  not  to  be  dried. 
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Name  of  Del]. 


KMF 

Volts. 


Cost  in  Pence. 


Per  unit  .  Per  Eqni-  ,   Per  looo 
Current,  i      volu      ,   JouUtde. 


175 

176 
182 
187 
204 
20s 
107 
308 
1 1 1 

233 

^36 

^37 
^59 


Copper-zino      

8mee 

„    odds  and  ends 

Daniell      

Nitric  aoid,  Ist  Btnge      ..      .. 

„        „    2nd  stage     ..      .. 

^  and  hydrochloric  acid   .. 
Bichromate  of  potash     .. 

„    and  hydrochloric  acid 

y,    single  cell 

Manganese       

Lead  sulphate         

Sulphate  of  mercury      ..     .. 
Silver  chloride         

„  „      per  Table  v.. . 


0*28 

0*0438 

0-1564 

0*50 

0*0438 

0-0876 

0'5o 

0*0284 

0-0568 

I '08 

0-0584 

0-0543 

1-8 

0-2590 

0-I439 

'•55 

0-1025 

0-0621 

I -85 

0-1360 

0-0735 

2* 

0-1320 

o-o66o 

21 

0-1668 

0-0794 

1-8 

0-2000 

o-iiii 

i'5 

0-2494 

0-1663 

•57 

0*1738 

0-3049 

1-52 

0-5337 

0-3502 

1-2 

0-2000 

0-1671 

1*2 

3-6230 

3  0192 

0-0247 
0-0138 
0-0090 
0-0086 
0-0227 
0-0104 
0-0116 
0-0104 
o  0125 
0*0175 
0-0263 
0-0481 
0-0552 
0-0263 
0-4763 


simply  by  making  this  divisioii  at  first  and  multiplying  143*35 
by  theEMF. 

253.  The  question  is  frequently  asked,  What  is  the  best 
battery  ?  The  foregoing  description  will  show  that  no  answer 
is  possible,  for  no  such  thing  exists;  each  form  has  qualities 
adapted  to  particular  purposes ;  each  has  also  its  defects,  there- 
fore selection  miust  be  made  according  to  the  intended  work. 
The  following  classification  will  assist  in  the  selection. 


Table  VIL— Suitability  of  Cells. 
I.  Names  of  Batteries. 


1.  Smee. 

2.  DanieU. 

3.  Nitric  acid. 

4.  Bichromate. 

5.  „        with  HCl. 

6.  „        Single  celL 


7.  Bennet's  soda. 

8.  Manganese. 

9.  Mercury  sulphate. 

10.  Silver  chloride. 

11.  MagDeto-electric  machines. 


2.  Uses  Cells  are  suited  for. — Large  Currents, — 
Continuous^ 

Electro-deposition         2,  i,  3,  5 

Gilding 3,  5 

Silvering         2,  i 

Electro-magnets 6,  ^  i,  2 

Electric  light »isitized3)y§^OOgle 
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Induction  coils        ••     6,  3, 4,  i 

Medical  coils 6,  i,  4 

„        „     pocket      10,  9 

,,        „    continuous  current         ..      8,  9,  i 

Small  OurrenU  and  High  Besistance, 
General  telegraphs         2»  8,  i,  11 

Occasional. 

Domestic  bells  and  telegraphs     ..      ..  7,  8,  10,  i 

Exploding  fuzes     11,8 

'    Testing  resistances,  &o 6,  4,  7,  8 


a  failm 


Secondary  Batteries. — Most  operations  are  reversible: 
ing  weight  will  drive  clockwork,  and  the  clockwork  will 
raise  the  weight.  So  in  chemical  action  oxygen  and  hydrogen 
combine  and  give  up  energy  while  forming  water,  and  an  equal 
quantity  of  energy  appli^  as  an  electric  current,  decomposes 
the  water  (unburns  it,  in  fact)  and  separates  the  gases.  In 
this  action  the  energy  connected  to  one  equivalent  H  i  grain, 
0  8  =  water  9,  is  measurable  as  6840  foot-lbs.,  and  the  electrio 
conditions  represent  an  E  M  F  of  i  •  5  volt.  In  like  manner, 
every  chemical  action  which,  giving  up  energy,  oonstitates  a 
battery  or  electric  generator,  can  be  reversed  by  means  of  a 
superior  E  M  F,  when  it  receives  and  stores  up  energy.  Such 
batteries  are  therefore  called  accumulatcrs ;  they  are  also  called 
polarization  hatteriea  because  the  E  M  F  found  to  exist  upon  pairs 
of  plates  in  an  electrolysed  solution  was  attributed  originally 
to  some  electric  polarization,  whereas  it  is  simply  the  reaction 
of  the  chemical  agents  collected  upon  the  plates. 

255.  In  the  Smee  cell  we  have  zinc  displacing  hydrogen  as 
shown  Fig.  42,  p.  1 18  :  let  us  reverse  the  direction  of  the  force, 
as  shown  by  the  arrows,  adding  also  a  molecule  of  water  BEjO 
which  is  to  be  decomposed  ;  then  we  have  Zn  SO4  +  H^O  which 
becomes  changed  into  Zn  +  SO4HS  +  O ;  the  zinc  is  separated, 
sulphuric  acid  formed,  and  oxygen  set  free,  provided  there  is 
nothing  for  it  to  unite  with. 

256.  In  the  Daniell  cell  we  have  zinc  displacing  copper 
from  its  sulphate,  CUSO4  +  Zn  becoming  Zn  SO4  +  Cu,  with 
generation  of  an  E  M  F  i  '079.  By  the  application  of  superior 
force  we  can  reverse  this  process,  and  by  electrolysis  of  zinc 
sulphate  from  a  copper  anode  convert  it  into  copper  sulphate 
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and  deposited  zinc.  Hence  a  Daniell  cell,  when  ezliansted, 
can  liave  a  reyerse  current  from  a  dynamo  machine  passed 
through  it,  and  be  fresh  charged.  This  is  one  of  the  forms  of 
'*  accumulators  "  which  has  been  proposed,  but  is  not  practicable 
for  reasons  given  §  295. 

257.  Reverting  to  the  conditions  of  §  255,  we  have  oxygen 
freed,  and  this  is  wasted  energy  :  it  may  be  saved  by  collecting 
the  oxygen  and  using  a  plate  in  such  manner  as  to  form  a  gas 
battery  which  will  gradually  absorb  the  oxygen ;  or  we  may 
use  a  plate  of  such  material  as  will  absorb  the  oxygen 
chemically;  such  an  electrode  exists  in  the  ordinary  man- 
ganese cell,  §  233,  for  the  exhausted  sesquioxide  of  manganese 
will  take  up  the  oxygen  again  and  reform  the  peroxide.  Iron 
or  oxide  of  iron  will  also  act  in  this  manner.  Lead  is,  however, 
found  most  suitable,  because  in  the  presence  of  sulphuric  acid 
lead  does  not  pass  into  solution  from  the  anode,  but  forms 
peroxide,  and  this  being  a  good  conductor  constitutes  (§  233) 
a  very  powerful  negative  element  or  battery  plate. 

258.  Zinc,  in  the  presence  of  acids  or  alkalies  or  of  most 
metallic  salts,  sets  up  spontaneous  action ;  therefore  the  next 
step  towards  an  ideal  accumulator  is  to  substitute  some  metal 
not  so  acted  upon;  palladium  has  the  property  of  absorbing 
^00  times  its  volume  of  hydrogen,  forming  with  it  a  true  alloy 
in  which  hydrogen  apparently  becomes  a  perfect  solid  metal, 
and  conducts  electricity:  but  for  the  cost  of  palladium  this 
would  be  a  valuable  electrode.  Experiment  has  shown  that 
lead  is  the  best  available  metal,  and  we  thus  come  to  two  plates 
of  lead,  with  a  solution  of  sulphuric  acid  between  them,  in 
which  the  decomposition  of  water  is  produced  by  electrolysis, 
the  oxygen  forming  peroxide  of  lead,  while  the  hydrogen  is 
partly  occluded  in  the  porous  lead  surface,  and  partly  employed 
in  reducing  pure  lead  from  previously  formed  compounds. 

259.  A  slight  review  may  now  be  useful  infixing  in  the  mind 
the  principles  involved  and  the  relations  between  "  primary  " 
and  "secondary"  b&tteries.  In  §  148  we  have  seen  that  the 
electromotive  force  originates  in  the  attraction  of  the  zinc 
plate  for  the  sulphuric  radical  of  the  acid,  and  in  §  202  we  have 
seen  that  the  attraction  of  oxygen,  &c.,  at  the  negative  or 
ooUecting  plate,  increases  the  force.  Generalizing  tins  by  the 
explanations  in  §  158,  and  by  the  aid  of  Fig.  42,  p.  118,  we  see 
that  there  exists  an  attraction  between  the  +  plate  and  the  — 
radical  or  ion  of  the  electrolyte,  and  between  the  —  plate  and 
the  +  radicaL  These  +  and  —  properties  and  their  consequent 
attractions  may  be  inherent  in  the  substances,  or  may  be  pro- 
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duoed  temporarily  by  means  of  electric  energy.  In  tlie  or- 
dinary battery  the  superior  +  quality  of  the  zinc  sets  up  the 
condition  of  polarization  and  renders  the  other  plate  —  in 
condition  and  polar  order  and  attractive  power,  aUkaugk  iia  tma 
ncUure  is  -{•  as  related  to  the  aeid^  but  +  i^  &  lower  degree  than 
zinc  is. 

260.  If  then  we  use  two  plates  equally  +  by  nature,  two  zinc, 
two  copper,  two  platinum,  we  have  no  polarizing  force  present : 
but  if  by  any  means  we  can  set  up  differential  attractions  at  the 
plates,  the  force  comes  into  existence.  If  we  insert  an  electric 
source  in  the  external  circuit,  we  polarize  the  two  plates  in 
opposite  directions,  and  give  them  this  differential  attraction 
for  the  ions  of  the  electrolyte,  to  an  extent  depending  on  the 
E  M  F  available ;  that  is  on  the  difference  of  potential  we  can 
set  up  between  the  plates.  Again,  if  we  modify  the  plates 
themselves  by  coating  them  with  different  substances  the  same 
effect  is  produced.  If  one  of  the  platinum  plates  is  lifted  and 
exposed  to  the  air  its  attraction  for  hydrogen  is  increased  by 
the  film  of  oxygen  absorbed. 

261.  If  we  pass  an  electric  current  through  the  two  platinum 
plates  in  acid,  we  coat  the  plates,  one  with  a  film  of  hydrogen, 
and  the  other  with  a  film  of  oxygen;  these  two  films  now 
become  the  active  agents,  and  their  attraction  for  each  other, 
reacting  across  the  chain  of  intermediate  molecules  of  the 
electrolyte,  sets  up  the  electric  polarization.  Precisely  the 
same  result  follows  from  the  presence  at  the  two  plates  of  any 
other  substances  having  affinity  for  each  other,  a  condition 
necessarily  set  up  by  any  action  of  electrolytic  decomposition. 
Thus  with  lead  plates,  the  hydrogen  reduces  any  oxide  and  is 
partially  occluded  in  the  lead,  producing  a  +  plate  of  lead  or 
hydrogen  representing  the  zinc  of  the  ordinary  batteries  ;  the 
oxygen  produces  peroxide  of  lead,  representing  the  nitric  acid 
of  the  Grove,  or  other  powerful  oxidant. 

262.  It  is  important  at  this  stage  to  avoid  some  probable 
confusion  about  poles  and  plates,  the  more  especially  because 
Dr.  O.  Lodge  in  his  valuable  series  of  articles  on  accumulators 
in  the  Engineer  has  contributed  to  this  confusion  by  using  the 
term  -f-  plaie  for  that  connected  to  the  +  pole  of  the  source 
while  charging,  and  which  becomes  the  +  pole  of  the  battery 
when  discharging.  But  to  obtain  a  clear  idea  of  the  relations 
of  the  secondary  and  primary  battery  the  same  terms  must  be 
used  in  the  same  sense,  and  the  word  plate  in  the  battery  and 
its  character  as  +  or  —  refers  exclusively  to  its  relation  to  the 
electrolyte,  and  to  direction  of  the  current  within  the  battery. 
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The  reader  should  therefore  refer  to  Fig.  42,  p.  118,  and  com- 
pare it  with  the  following  scheme  of  arrangement. 


+  Pole  ^ > 


y >  Pole  - 


BiBohaige. 

1 

A 

+ 

Priinazy  action 
CfaAige. 

Anode 

> > 

A 
1     .,. 

Cnnent. 


< < 

temoved  from  plates 

> — >  (+  -)  < — < 

Adds  Zinc 

Oxygen  Hydrogen 

Pennide  Lead 

< — <  (-  +)  > — > 

depoeited  on  plates 

> > 

Current. 


+ 

1 

B 

1 

Discharge. 

Primary  action. 

Charge. 

Cathode. 
> > 

-V- 

1 

•A-  Pole  +  (-  source  +)  -  Pole.  V 

263.  The  plates  A  B  •  are  shown  as  alternately  +  and  — 
according  as  they  are  receiving  current  from  the  source,  as 
shown  in  the  lower  half  of  the  diagram,  or  discharging  current, 
as  shown  in  the  upper  half.  In  either  case  that  plate  is  -f* 
fr<yM  ivhich  the  current  passes  to  the  liquid  as  shown  by  the  long 
arrows  at  the  ends  of  the  plate. 

Considered  as  charging  from  the  source,  below,  A  becomes -|-, 

therefore  the  electrolyte  ( 1-)  turns  its  negative  ions  towards 

it,  and  Uiis  class  of  radicals  or  ions  is  either  deposited  on  the 
plate,  as  shown  by  the  short  arrows,  or  if  the  plate  is'  soluble, 
as  zinc  in  a  battery  or  copper  in  a  depositing  cell,  it  combines 
with  those  ions :  the  reverse  action  occurs  at  the  —  plate  B  where 
the  +  radicals  adjoining  it  are  deposited. 

Considered  as  discharging,  B  becomes  the  +  plate  by  virtue 
of  the  presence  there  of  the  -\-  ions  which  attract  the  —  ions 
of  the  electrolyte,  as  in  the  ordinary  battery. 

264.  It  should  be  observed  that  if  such  a  cell  is  connected  to 
the  source,  and  an  external  circuit  is  also  connected  just  as 
shown,  the  plate  A  becomes  a  constant  +  pole  to  this  external 
circuit :  but  a  very  complicated  set  of  conditions  would  arise : 
in  fact  the  cell  and  the  outer  circuit  would  be  derived  circuits 
to  the  source,  and  it  would  depend  upon  relative  forces  and 
resistances  what  course  the  current  would  take ;  no  current 
would  enter  the  cell  unless  the  conditions  were  such  that  the 
di£ferenoe  of  potential  set  up  between  the  plates  A  B  exceeded 
the  E  M  F  the  cell  itself  could  generate,  therefore  if  the 
external  circuit  were  one  of  small  resistance,  the  current  might 


Digitized  by  VjOOQIC 


176  SEOONDABT  BATTERIES.  [zS^. 

altogether  pass  to  it :  if  the  external  circuit  were  broken,  the 
cell  might  now  receive  charge  from  the  source,  and  on  thd 
circuit  being  closed  the  source  and  the  cell  might  act  together 
in  sending  current  to  it.  In  this  way  a  secondary  cell  would 
act  as  a  true  accumulator,  would  in  fact  fulfil  the  same  functians 
as  a  fly-wheel  fulfils  in  mechanism.  This  is  probably  the  tme 
use  to  which  secondary  batteries  will  be  mainly  iipplied.  Bat 
in  most  cases  automatic  commutators  would  be  required  to  vary 
the  connections  to  suit  the  changing  conditions. 

265.  History. — The  reverse  current  arising  from  plates  of 
the  same  metal  which  had  been  used  in  a  voltameter  was  first 
observed  in  180 1  by  a  French  chemist,  Gautherot  The  same 
observation  was  made  in  1803  in  Grermany  by  Bitter,  who 
endeavoured  to  utilize  the  reaction :  he  made  a  Volta's  pile  of 
plates  of  gold,  separated  by  pieces  of  cloth  moistened  with  add, 
and  subjected  to  the  action  of  an  ordinary  Volta's  pile  of 
sufScient  number  of  plates  to  send  current  through.  The  first 
theory  of  the  action  was,  naturally,  that  some  of  the  supposed 
electric  fluid  was  soaked  up  by  the  plates ;  that  in  fact  it  was 
an  action  of  surfaces  receiving  charge,  and  that  the  secondary 
pile  was  in  fact  strictly  analogous  in  its  actions  to  a  condenser. 

The  chemists,  and  notably  Becquerel,  soon  traced  the  action 
by  means  of  saline  solutions  to  the  presence  of  acid  and  alkaH 
at  the  opposite  plates,  and  in  due  time  the  discovery  of  Grove's 
gas  battery  convinced  the  scientific  world  that  the  return 
current  and  "  counter-electromotive  force  "  were  not  due  to  an 
accumulation  or  storage  of  electrtciiyf  but  to  the  presence  of  the 
substances  having  chemical  affinities  to  each  other,  derived  from 
the  previous  decomposition :  that  the  counter-current  was  in 
fact  originated  on  precisely  the  same  principles  as  those  of  the 
ordinary  galvanic  cell:  it  was  merely  a  different  mode  of 
charging  a  cell  with  its  active  ingredients. 

266.  The  subject  was  studied  by  many,  and  nearly  everything 
that  is  known  even  now,  was  discovered  long  ago ;  but  it  was 
simply  a  matter  of  scientific  interest  and  theory  with  the 
possibility  of  some  very  limited  applications.  Among  these 
Mr.  Cromwell  F.  Varley  employed  a  series  of  zinc  and  carbon 
plates  mercurialized  (in  fact  the  Marie-Davy  cell,  §  2  37,  reversed) 
to  take  a  slow  small  charge,  and  deliver  it  up  in  a  short 
powerful  current  for  transmitting  time  signals  in  connection 
with  the  Post  Office.  His  cells  consisted  of  two  carbon  plates 
standing  in  troughs  of  mercury,  with  sulphuric  acid  i  to  4  of 
water  saturated  with  zinc  sulphate :  20  cells  slowly  charged 
from  150  Daniells  of  high  resistance  gave  an  arc  of  ^  to  ^  inch 
for  20  minutes. 
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267.  In  1859  Graston  Plants  found  that  the  best  effect  was 
produced  by  two  sheets  of  lead  in  dilute  sulphuric  acid :  he 
worked  out  a  system  of  formation  by  which  he  greatly  increased 
the  capacity  of  the  plates,  and  published  to  the  world  a  number 
of  highly  interesting  scientific  results  obtained  by  a  great  series 
of  his  cells  with  the  aid  of  subsidiary  appliances  for  converting 
sexieB  into  multiple  arc,  and  with  condenser  plates  charged 
from  the  accumulators,  by  means  of  which  the  energy  derived 
from  a  couple  of  Bunsen  cells  was  enabled  to  produce  effects 
which  would  have  required  thousands  of  such  cells  in  series  to 
produce.  M.  Flante  studied  the  subject  exhaustively,  discovered 
pretty  well  all  there  is  to  know  about  lead  secondary  batteries, 
and  published  it  to  the  world.  He  is  a  striking  instance  of  a 
man  doing  thoroughly  good  work,  and  doing  it  with  little  profit, 
while  others,  taking  up  his  labours,  have  patented  every  imagin- 
able variation  in  the  form  and  arrangement  of  his  battery,  and  < 
obtained  in  some  cases  large  sums  of  money  therefrom.  But 
Planters  name  will  be  associated  with  the  secondary  battery 
when  these  are  all  forgotten :  and  that  the  more  quickly,  if  it 
proves,  as  will  probably  be  the  case,  that  the  Plants  battery 
pure  and  simple  is  superior  to  all  these  modifications. 

268.  In  1879  Messrs.  Houston  and  Thompson  proposed  to 
use  a  gravity  form  of  the  Daniell  cell  for  electric  storage,  but  it 
was  in  May  1881  that  public  attention  was  really  drawn  to  the 
subject  by  a  letter  published  in  the  Times  by  Sir  W.  Thomson, 
announcing  his  possession  of  a  "  marvellous  box  of  electricity," 
in  which  "  a  million  foot-pounds  of  energy  "  had  travelled  from 
Paris  to  Glasgow,  and  which  box  was  stated  to  be  the  *'  practical 
fruition "  of  electric  storage,  and  was  to  do  "  for  the  electric 
light  what  a  water  cistern  in  a  house  does  for  an  inconstant 
water  supply."  The  public  and  the  general  press,  ignorant  of 
the  fact  that  the  large  sounding  million  foot-pounds  only 
represented  the  potential  energjr  of  about  i  J  ounces  of  coal  or 
the  enei^y  developed  by  an  ordmary  steam  engine  with  i  lb.  of 
coal,  became  greatly  excited,  and,  in  a  short  time,  the  million 
foot-pounds  of  energy  was  duly  converted  into  a  million  pounds 
sterhng  of  capital  to  be  obtained  from  the  public ;  but  what 
practical  value  may  be  the  result  can  at  present  be  expressed 
only  by  the  algebraic  symbol  oj,  as  usually  employed. 

269.  The  wonderful  box  of  electricity  consisted  of  lead  plates 
coated  with  a  paste  of  red  oxide  of  lead,  minium,  held  to  the 
surface  by  means  of  a  wrapping  of  felt.  It  was  in  fact  a 
Plante  battery,  upon  which  M.  Faure  had  applied  this  coating 
in  order  to  arrive  at,  i,  a  quicker  result  by  doing  away  with 
the  need  of  the  process  of  **  formation"  ;  2,  a  greater  capacity 
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in  the  same  spaoe,  bj  means  of  the  larger  balk  of  ^e  oxide 
ready  for  immediate  action.  It  was  at  once  declared^  by  thcee 
interested  in  the  new  cell,  that  weight  for  weight  it  had  40 
times,  the  capacity  of  the  Plante,  but  experiment  by  others 
reduced  this  to  a  very  small  superiority,  in  fact  to  one  and  a 
quarter  times  the  capacity.  Then  followed  a  host  of  *'  inven- 
tions," some  of  which  were  associated  in  due  course  with  the 
first,  all  directed  to  the  objects  of,  i,  securing  the  contact  and 
adhesion  to  the  lead  plates  of  the  spongy  mass  of  oxide ;  2, 
obtaining  the  spongy  mass  from  different  materials ;  and  3,  of 
developing  the  original  Plant6  system  and  enlarging  the  sur- 
face of  the  lead  in  a  given  space.  A  few  have  attempted  other 
substances,  but  so  far  experience  confirms  the  result  of  M. 
Plant^'s  own  experience,  that  nothing  is  practically  so  good  as 
the  two  lead  surfaces  in  acid.  £ven  the  latest,  that  of  Mr. 
Brush,  is  the  same ;  a  good  deal  of  expectation  has  been  excited 
about  this  by  means  of  the  usual  rumours;  but  the  lengthy 
specification,  with  its  56  claims,  does  not  appear  to  add  any 
practical  information  to  what  was  already  well  known* 

270.  Formation. — In  all  forms  of  the  lead  secondary  battery, 
the  essential  point  is  the  presence  at  the  one  plate  of  a 
supply  of  peroxide  of  lead,  in  quantity  adequate  to  the  work, 
in  condition  to  do  it  effectively ;  the  difficulty  is  to  unite  these 
two.  When  a  current  is  first  passed  between  two  sheets  of 
lead  in  sulphuric  acid  from  a  source  capable  of  freely  decom- 
posing water,  that  is  with  an  E  M  F  exceeding  2  volts,  a  thin 
film  of  brown  peroxide  of  lead  forms  on  the  surface  of  the 
anode ;  then  oxygen  escapes  and  no  more  peroxide  forms :  the 
reason  is  that  the  peroxide  being  a  conductor  of  electricity,  the 
action  occurs  at  its  surface  in  contact  with  the  liquid,  and  this 
surface  can  undergo  no  change  by  the  oxygen  genei-ated  there. 
Only  a  very  small  charge  can  be  stored  or  given  up  as  a  current. 
If  at  this  stage  the  current  is  reversed,  first  the  peroxide  is 
reduced  to  lead  which  is  in  a  more  porous  state  than  at  first, 
and  a  thin  coat  similar  to  the  first  is  produced  on  the  other 
plate.  A  fresh  reversal  allows  a  larger  quantity  of  peroxide  to 
be  produced  on  the  first  plate  because  its  granular  state  presents 
a  larger  surface  and  holds  acid  within  ite  pores.  After  a  few 
such  reversals  the  limit  of  this  increase  is  reached,  and  then  it 
becomes  necessary  to  allow  a  period  of  rest  after  charge.  Now, 
local  action  occurs  between  the  surfaces  of  lead  and  lead  peroxide 
in  contact  in  presence  of  acid:  precisely  the  same  conditions 
exist  there  as  enable  the  two  separate  plates  to  generate  a 
current. 

271.  This  action,  the  source  of  the  £MF  of  the  secondary 
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battery,  is  tlie  tendency  of  the  second  atom  of  oxygen  in  PbOj 
(which  atom  has  in  fact  been  forced  into  the  molecule)  to  pass 
over  to  the  lead  surface,  and  there  produce  the  more  normal 
protoxide  PbO,  thus  rendering  both  surfaces  alike:  other 
actions  follow,  but  this  transfer  of  the  atom  of  oxygen  from 
the  peroxide  to  the  lead  is  the  essential  action.  But  this 
ooours  in  the  presenoe  ef  sulphuric  acid,  which  unites  with  the 
newly  formed  protoxide  of  lead,  producing  sulphate  of  lead, 
in  a  white  film  insoluble  in  the  acid.  We  have  in  fact  first 
Pb  4-  PbOa  becoming  PbO  +  PbO,  and  then  PbO  +  ttjSO^ 
becoming  PbSO^  +  ^O- 

The  same  effect  is  produced  by  local  action  on  the  surface  of 
the  peroxidised  plate,  which  then  becomes  a  plate  of  lead 
cosrted  with  sulphate  of  lead,  and  this  again  covered  with 
peroxide. 

272.  BedneiuM  of  lead  ifdpkate. — On  now  reversing  the  cur- 
Tent,  the  spongy  films  of  peroxide  and  sulphate  of  lead  are 
penetrated  with  acid,  which  therefore  is  in  contact  with  the 
lead  surface,  and  when  decomposed,  presents  its  hydrogen  to 
the  sulphate  of  lead  which  is  reduced  to  lead  in  a  spongy 
condition.  It  is  strange  that  such  distinguished  chemists  as 
Messrs.  Gladstone  and  Tribe  should  have  said,  '*  It  may  seem 
at  first  sight  improbable  that  an  almost  insoluble  salt  of  the 
character  of  lead  sulphate  should  be  decomposed  under  those 
eircumstanoes,"  and  that  Dr.  Lodge  should  have  stated  that  it 
is  not  readily  reduced.  This  reaction  is  of  course  the  basis  of 
the  action  of  the  sulphate  of  lead  battery,  §  236,  well  known  for 
many  years.  Messrs.  G.  and  T.  show,  however,  that  when  two 
plates  coated  with  PbS04  have  current  passed  between  them, 
not  only  is  the  lead  sulphate  on  the  cathode  or  —  plate  reduced 
by  hydrogen  to  grey  spongy  lead,  PbS04  -{-  Hg  =  Pb  +  H^SO^, 
but  that  the  oxygen  converts  that  on  the  anode  to  peroxide, 
PbS04  +  0  +  H,0  =  PbO.  +  HjSO^,  regenerating  the  acid  at 
the  same  time. 

A  series  of  such  reversals  therefore  converts  the  surfaces  of 
the  lead  plates  into  a  mass  of  spongy  lead  capable  of  ready 
conversion  into  peroxide  of  lead.  But  this  mass  of  spongy 
lead,  and  also  the  peroxide  coating  its  surfaces,  is  in  actual 
molecular  contact  with  the  lead  plate  itself ;  it  is  not  merely  in 
mechanical  contact  with  the  lead  plate,  but  an  actual  part  of 
the  plate.  It  is  in  this  fact  that  the  principal  advantage  of  the 
simple  Plants  consists. 

273.  ISme  of  form€Uion. — The  directions  of  Plante  are  to  effect 
six  or  eight  reversals  of  current  the  first  day,  prolonging  the  suc- 
cessive charges :  this  is  to  be  continued  the  next  day  till  the 
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duration  of  nsefdl  cHarging  becomes  a  conple  of  honn :  at  this 
limit  it  beoomes  necessary  to  give  intervals  of  rest  between  tike 
charges,  during  which  ihe  local  action  described  §  271  takes 
place :  these  rests  require  gradual  prolongation  to  several  dajB 
and  even  weeks;  after  the  cell  approaches  the  capacity  of 
storage  intended,  the  current  should  not  be  reversed,  but  the 
cell  should  simply  be  charged  and  discharged  as  if  in  actual 
work.  The  process  of  this  forming,  therefore,  occupies  some 
months  except  with  very  thin  plates,  and  if  pushed  too  £ar,  the 
whole  substance  of  the  plate  may  be  converted  into  peroxide, 
which  would  render  it  liable  to  break  up  and  would  increase  its 
resistance. 

274.  Heat  assists  the  formation  and  reduces  the  time  required 
for  the  process :  therefore  during  the  process  of  charging  the 
temperature  may  be  advantageously  raised  to  from  loc/'  to  166^ 
Fahr.,  and  allowed  to  cool  as  soon  as  the  charge  is  effected.  But 
heat  is  objectionable  in  actual  working,  because  it  facilitates 
the  oxygen  and  hydrogen  assuming  the  gaseous  state  and  going 
off  to  waste. 

275.  Alcohol  added  to  the  extent  of  5  {^er  cent,  to  the  acid 
solution  is  said  to  assist  the  formation.  Mi.  E.  Berliner  states: 
(Electrician,  ix.  p.  39)  that  it  ''  requires  but  an  hour  to  develop 
a  heavy  oxide  surface  capable  of  taking  a  large  charge." 

276.  Nitric  acid  is  recommended  by  Plants,  who  says  that  by 
soaking  the  plates  for  some  hours  in  nitric  acid  mixed  with 
equal  volume  of  water,  he  has  greatly  reduced  the  time  of 
formation.  The  effect  is  to  produce  a  porous  sur£Gu»  more 
quickly  acted  upon :  but  it  is  evident  that  for  this  treatment 
the  plates  should  be  thicker. 

277.  Eleetro^^poeited  lead  has  been  tried  by  many  for  the 
same  object :  but  lead  is  a  very  troublesome  metal  to  deposit ; 
UDlike  other  metals  it  does  not  spread  as  an  even  film,  but  will 
dart  out  in  fine  arrows  from  points  on  the  surface,  which  either 
fall  off,  as  they  lengthen,  or  close  the  circuit  to  the  other 
plate— for  this  reason  the  presence  of  lead  salts  in  solution, 
or  the  use  of  acids;  &c.,  which  will  dissolve  lead,  is  very 
objectionable. 

278.  Amalgamation  of  the  lead  has  been  employed  and  is  patented 
by  Paget  Higgs,  who  claims  its  first  use.  It  is  by  no  means 
clear  that  it  is  an  advantage  on  the  whole :  it  must  tend  to 
weaken  the  lead,  and  therefore  lead  to  fracture  of  the  plates. 
It  is  not  desirable  or  useful  at  the  peroxide  plate  because  it 
resists  the  formation  of  PbO^  and  tends  to  form  oxide  or  salts  of 
mercury :  the  mercury  also  prevents  the  molecular  union  of  the 
load  and  peroxide,  which  therefore  tends  to  separate  from  the 
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plate.  It  is  probable  that  mercury  facilitates  the  abBorption  of 
hydrogen  at  the  lead  plate,  but  even  there  the  advantage  is  very 
doubtnil,  because,  in  regular  working,  the  real  action  which 
goes  on  is  the  reduction  of  the  lead  sulphate  which  has  been 
formed  during  discharge. 

270.  CoNSTBUOTiON. — The  plates  may  be  either  flat  plates 
interleaved  like  those  of  a  condenser,  or  they  may  be  large 
plates  rolled  up  as  cylinders,  or  folded  up  together. 

Flat  plaiei  give  a  simpler  construction  and  have  the  great 

advantage  that  they  can  be  '*  formed  "  in  a  separate  vessel  and 

oombined  as  desired ;  each  can  also  be  removed  singly  in  case  of 

injury  and  easily  replaced.    They  have  a  serious  disadvantage, 

however.    It  is  evident  that  the  molecular  volume  of  lead  salts 

exceeds  that  of  lead,  so  that  there  is  a  constant  expansion  and 

oontraction  going  on,  which  tends  to  produce  bulging  surfaces, 

and  this  much  more  readily  upon  flat  parallel  plates.    It  is 

therefore  desirable  to  introduce  slips  of  glass  or  other  insulating 

material  to  resist  this  and  prevent  the  plates  coming  in  contact. 

T%e  eyUndrked  form  is  made  by  laying  a  long  sheet  Of  lead  on 

a  table,  placing  upon  it  a  number  of  strips  of  soft  vulcanized 

rubber  arranged  diagonally  upon  the  lead,  then  another  sheet  of 

lead  with  similar  diagonal  stripe :  the  sheets  are  then  rolled  up 

firmly  so  as  to  form  two  parallel  spirals  separated  from  each 

other.    The  insulating  strips  can  be  inserted  as  the  rolling  up 

proceeds. 

The  thicknesB  of  the  lead  must  be  sufficient  to  bear  its  own 
weight  and  the  strains  put  upon  it  after  use :  the  peroxide  plate 
should  therefore  be  about  double  as  thick  as  the  other :  in  lar^e 
batteries  lead  i  millimetre  thick  is  used,  which  is  * 03937  incm, 
or  about  24  sheets  to  the  inch.  One  square  foot  of  lead  i  inch 
thick  weighs  50*  i  lbs.,  therefore  this  would  be  about  2i  lbs.  lead. 
The  smaller  cells  are  made  of  lead  little  thicker  than  that  pre- 
pared for  damp  waUs,  which  is  about  4  to  5  ounces  per  foot. 
For  ordinary  purposes  it  is  probable  that  sheets  of  i^  lb. 
and  I  lb.  would  be  most  advantageous,  with  the  formation 
carried  so  &r  as  to  convert  ^  lb.  of  the  lead  to  peroxide  on  the 
one  plate. 

280.  Cownectione  must  be  provided  to  the  sheets  in  either  form, 
and  the  best  is  made  by  strips  of  lead  attached  carefully  to  the 
sheets  by  soldering  which  should  be  well  protected  by  good  ce- 
ment :  copper  wire  should  not  be  used,  as  it  is  sure  to  be  acted 
upon,  and  form  salts  which  will  exert  a  very  mischievous 
action. 

281.  Containing  veeselg  may  be  of  any  suitable  material,  but 
glass  has  the  great  advantage  of  permitting  the  action  to  be 
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watched :  if  lead  yemelB,  or  wood  lined  with  cement  or  other 
opaque  vessels  are  nsed,  they  should  be  coTered  with  sheet  glssB 
for  this  reason.  They  must  not  be  entirely  closed,  because  gases 
are  generated  and  must  be  allowed  to  escape ;  they  should  not 
be  imcovered,  in  order  to  resist  eyaporation  and  also  for  preven- 
tion of  dirt  which  would  be  likely  to  result,  in  short  circuiting 
the  plates,  a  thing  very  likely  to  occur  and  obviously  injurious 
to  the  working,  §  298. 

282.  Space  for  acid  must  be  allowed,  su£Scient  to  effect  the 
action,  therefore  the  distance  of  the  plates  must  be  so  adjusted : 
circulation  cannot  be  depended  on,  but  it  is  desirable  to  raise  the 
bottom  of  the  plates  above  that  of  the  vessel,  and  to  allow  the 
liquid  to  rise  above  them,  in  order  that  the  heat  and  escape  of  gas 
may  tend  to  produce  a  current,  and  to  draw  the  external  acid 
between  the  plates.  One  pound  of  lead  requires  ^  lb.  of  acid  to 
convert  it  into  sulphate,  and  as  by  the  foregoing  proportions 
there  would  be  ^  lb.  of  lead  to  be  converted  on  the  two  ftuxs  of 
lead  opposing  per  square  foot,  this  requires  space  for  ^  lb.  of 
acid,  which  diluted  as  i  1K>  lo  woxdd  be  contained  in  a  space 
of  i  of  an  inch  between  the  plates. 

283.  The  strength  of  the  act^  varies  during  the  action,  becoming 
strongest  when  the  charge  is  complete  and  one  plate  is  con- 
verted into  spongy  lead  and  the  other  into  peroxide :  when  dis- 
charge is  completed  a  great  part  of  the  acid  is  absorbed  in  the 
formation  of  sulphate  of  lead.  Several  consequences  result :  i, 
the  resistance  of  the  battery  is  lowest  just  when  its  £  M  F  is 
highest  and  tfice  versd,  which  introduces  a  variation  in  the 
current  generated  at  different  periods  of  discharge ;  2,  where 
the  material  consists  of  a  porous  mass  containing  liquid  confined 
among  its  interstices,  the  acid  may  be  entirely  removed  at  an 
early  period  of  the  discharge  and  consequently  much  material 
remains  unacted  on ;  also,  the  residuary  liquid  being  highly 
resistant  at  the  next  act  of  charge,  the  current  cannot  reach  the 
material.  As  a  consequence  a  cell  containing  a  large  mass  of 
active  material  may  be  able  to  do  but  little  work :  this  defect  is 
also  an  accumulative  one ;  portions  of  the  mass  become  prac- 
tically non-conducting  and  insulate  other  portions  to  which  the 
acid  has  access,  because  in  very  dilute  acid,  instead  of  the  normal 
sulphate  PbS04,  there  is  a  tendency  to  produce  the  basio  sulphate 
PboO^-l-PbO,  which  is  not  readily  reduced  by  hydrogen.  It  is 
owing  to  actions  of  this  kind  that  the  plain  Plants  with  its  thin 
film  of  active  agents  presenting  a  large  SBrface  freely  bathed 
by  circulating  liquid,  works  bet^r  in  the  long  run  than  the  im- 
proved forms  which  conoentraitie  a  lacge  mass  of  active  material 
m  a  small  space. 
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Dr.  Frankland  finds  tbat  the  ohanges  of  strength  of  aoid  oan 
be  utilized  to  indicate  the  state  of  the  oell,  by  means  of  an 
hydrometer  floating  in  the  liquid.  It  is  obvious  that  no  law  can 
be  laid  down,  as  the  changes  would  depend  upon  the  quantity 
of  acid  in  a  given  cell,  but  he  found  in  his  own  oell  that  a  change 
of  '005  in  the  specific  gravity  meant  storage  equal  to  a  current 
of  20  lonp^res  for  an  hour.  Such  a  test  will  obviously  be  useful 
only  where  the  aoid  is  capable  of  free  circulation. 

284.  Charging. — In  order  to  charge  a  secondary  battery  it  is 
necessary  to  employ  an  E  M  F  greater  than  its  own,  and  greater 
in  propoition  to  the  rate  of  charge  desired.  All  such  excess  of 
E  M  F«  is  energy  lost  in  overcoming  resistance,  therefore  slow 
charge  is  most  economical  under  this  head,  though  other  practical 
considerations  have  to  be  taken  into  account;  that  is,  against 
energy  lost  at  the  rate  of  the  square  of  the  current  0^  gene- 
rated, we  have  to  consider  time,  and  interest  on  plant.  But  in 
addition  to  the  loss  of  energy  involved,  a  small  charging  cur- 
rent is  desirable  for  two  good  reasons,  i,  the  product  is  in 
better  condition,  the  particles  in  closer  contact  and  better  elec- 
trical connection :  2,  there  is  less  loss  by  uncombined  gases 
escaping. 

285.  Loss  of  gases. — Throughout  the  charging  there  is  a 
constant  escape  of  gases  going  on,  chiefly  oxygen.  But  the  loss 
of  either  eas  means  total  loss  of  the  equivalent  of  electricity 
involved  in  the  decomposition  from  which  it  arises.  If  0  is 
obviously  wasted,  it  is  certain  the  H  is  lost  too,  or  on  the  other 
hand,  that  the  total  power  of  the  oell  is  reduced  by  its  incapacity 
to  take  up  the  O.  But  the  escape  of  H  indicates  at  once  either 
that  the  rate  of  charging  current  is  too  great,  or  else  that  the 
limit  of  the  economical  charge  is  approached.  As  in  all  cases  of 
electrolysis  we  are  brought  to  the  question  of  density  of  current, 
the  rate  at  which  a  unit  area  of  surface  can  act  properly,  and 
this  in  the  case  of  a  secondary  receiving  charge,  is  of  necessity 
a  lowering  capacity^  because  it  is  not  mere  surface  we  have  to 
consider,  as  in  the  case  of  the  zinc  of  a  battery  which  remains 
unchanged,  but  the  diminishing  quantity  of  sulj)hate  of  lead  upon 
that  surface  remaining  unconverted.  But  as  shown  §  28^,  the 
increase  of  free  acid  tends  to  increase  the  current,  and  the 
combination  of  these  two  causes  results  in  a  growing  loss  of 
gases  as  the  charge  proceeds.  Obviously,  therefore,  it  is  bad 
economy  to  press  the  charge  to  the  full  capacity. 

Messrs.  Gladstone  and  Tribe  give  an  experiment  on  this  point 
whicdi,  though  actually  relating  to  two  plates  covered  with  red 
lead,  is  a  &ir  representation  of  what  occurs  in  general  cells. 
They  passed  a    current   of  i   ampere   for   thirty-one    hours 
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Ihrough  the  two  plates,  of  which,  however,  they  do  not  give 
the  area. 


Time, 

Hydrogen, 

Oxygen, 

Hours. 

lort.             abwrbed. 

lort.             absorbed. 

I 

0 

3i» 

0 

156 

10 

31 

297 

99 

60 

20 

270 

50 

iir 

49 

31 

300 

6 

135 

18 

Total    .. 

5230 

4489 

3120 

1737 

Total  Oapadty  ..     4574 

1294 

The  figures  represent  cubic  oentim^tres,  and  as  the  oxygen 
stored  exceeds  the  capacity  of  the  materials  it  is  evident  that 
either  the  plate  itself  received  some  or  else  a  large  quantity 
remained  '*  occluded.'*  But  the  figures  for  each  hour's  action 
show  distinctly  the  lowering  capacity,  and  the  unwisdom  of 
pushing  the  process  too  far,  or  too  fast. 

286.  Occluded  gases. — It  is  generally  thought  that  hydrogen  is 
retained  by  the  spongy  lead,  §  258,  as  it  is  by  palladium,  but 
recent  tests  render  this  doubtful.  Oxygen,  however,  is  certainly 
retained  to  a  considerable  extent,  as  is  shown  in  §  285,  and  also 
by  its  actual  escape  from  the  plate  while  at  rest  after  charge. 
A  little  hydrogen  also  is  certainly  retained,  as  we  know  that 
metallic  surfaces  always  retain  with  great  tenacity  a  film  of  any 
gas  to  which  they  have  been  exposed.  The  higher  initial  E  M  F 
has  been  attributed  to  these  gases,  §  287.  It  is  probable  that 
the  oxygen  is  in  the  form  of  ozone  or  peroxide  of  hydrogen  rather 
than  of  ordinary  oxygen,  and  the  formation  of  these  substances 
may  be  expected  from  the  high  degree  of  E  M  F  under  which 
the  decomposition  occurs  to  enable  peroxide  of  lead  to  be 
formed. 

287.  The  electromotive  force  is  about  volts  2*25  immediately 
after  charging,  but  falls  spontaneously  to  volts  2.  This  high 
initial  force  cannot  be  due  to  the  free  H  and  0,  because  their 
form  of  combination  is  only  i  *  5,  but  it  is  easily  accounted  for 
by  the  presence  of  ozone,  which  is  oxygen  charged  with  a  higher 
energy  in  order  to  force  the  third  atom  of  0  into  the  molecule. 
The  normal  E  M  F  of  2  volts  is  subject,  in  working,  to  a  fell 
such  as  occurs  in  ordinary  batteries  to  an  extent  increasiDg  with 
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the  rate  of  current,  and  dne  probably  to  the  change  in  the  liquid 
particles  adjoining  the  plates ;  therefore  the  E  M  F  rises  again 
after  a  short  rest  has  allowed  fresh  liquid  surfaces  to  reach  the 
plates  by  difPdsion.  The  average  rate  of  working  EMF  is 
probably  i  *9  to  2  volts. 

288.  Fau^s  Battery. — ^This,  which  is  the  wonderful  box  of 
electricity  mentioned  §§  268, 269,  is  the  Flant6  cell  in  which  the 
process  of  formation  is  nearly  done  away  with  by  coating  the 
plates  with  a  paste  of  red  lead,  which  is  converted  by  the 
electrolytic  gases  into  spongy  lead  and  peroxide  of  lead.  All 
the  remarks  made  as  to  lead  batteries,  therefore,  apply  to  this  as 
to  the  simple  Plants.  The  only  question  is  whether  this  use  of 
the  red  lead  or  any  of  the  other  substitutes  proposed,  such  as 
litharge,  sulphate  of  lead,  reduced  spongy  lead,  &o.,  is  an 
advantage.  It  saves  the  formation,  it  concentrates  the  material 
into  smaller  bulk,  and  it  is  claimed  that  an  equal  weight  of 
material  does  more  work.  On  the  other  hand,  it  has  the  disad- 
vantages arising  from  conditions  described  §283.  The  mass  of 
material  is  only  in  uncertain  mechanical  contact  with  the  con- 
ducting plate  instead  of  in  molecular  union,  and  therefore  sub- 
ject to  disintegration.  This  defect  applies  to  the  multifarious 
•'  inventions  "based  on  the  "  lead  tree,  in  which  every  imagin- 
able mixture  of  materials  has  been  patented  for  obtaining  a 
spongy  mass  of  lead  having  larger  surface  in  small  space,  and  to 
collections  of  shot,  granulated  lead,  carbon,  &c. 

289.  At  first,  this  cell  was  made,  of  necessity,  with  some 
material  such  as  felt,  asbestos  cloth,  &a,  to  bind  the  material  to 
the  plates.  These  all  add  to  the  resistance,  resist  circulation  of 
liquid,  and  sooner  or  later  rot  away  and  disintegrate.  By  the 
combination  of  the  patents  of  Swan,  Sellon,  and  Yolkmar  with 
that  of  Faure,  this  battery  assumes  the  form  of  small  masses  of 
the  porous  material  contained  in  spaces  in  lead  plates.  There 
are  a  variety  of  means  of  effecting  this,  such  as  making  the  plates 
of  an  open  network,  or  of  perforated  sheet;  but  the  whole 
question  resolves  itself  into  the  thickness  of  the  porous  mass 
which  can  be  used  to  advantage;  and  its  proportion  to,  and 
effectual  securing  to  the  lead  conductor. 

290.  Dimennow  and  capacity, — The  latest  improved  form  is 
made  in  several  types.  A.  consists  of  7  positive  plates,  each 
37  X  2j*5  cm.  square,  and  3  mm.  thick,  perforated  with  holes 
6  mm.  m  diameter,  every  10  mm.  apart :  these  are  interleaved 
"with  7  negative  plates  of  same  size  only  0*55  mm.  thick,  per- 
forated like  the  others ;  the  7  positive  plates  weigh  16*66  kilos., 
the  7  negative  2*77.    The  red  lead  spread  on  their  surfaces 
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weighs  22*13  kilos.  The  box  is  of  pitched  wood  4;  X  20  x  40 
cm.,  weighing  10  kilos,  with  its  cover.  The  charged  cell 
weighs  63  kilos.,  and  is  said  to  contain  375  ampere  hours  of 
current  with  an  E  M  F  of  2  volts.  Other  smaller  types  contain 
225,  150,  and  75  ampere  hours;  the  last  with  a  weight  of 
8  kilos. 

291.  De  MeritefM^  cell  was  the  first  modification  of  the  Flante. 
The  plates  are  formed  of  thin  sheets  of  lead  placed  one  over  the 
other  like  the  leaves  of  a  book,  and  cut  off  in  slices,  and  the  ends 
soldered  together  to  unite  them.  The  result  is  a  block  of  lead 
about  one-third  of  an  inch  in  thickness  penetrated  with  a  vart 
number  of  slits  in  which  the  action  is  carried  on,  and  which 
become  filled  with  peroxide  of  lead  in  the  one  block,  and 
spongy  lead  in  the  other.  This  gives  much  conoentration  of 
material,  but  the  formation  has  to  be  effected  as  in  the  Plants, 
while  it  is  evident  that  the  action  is  limited  by  the  amount  of 
liquid  which  penetrates  between  the  films  of  lead. 

292.  Kaboih*8  cell  is  a  modification  of  the  Meritens ;  it  consists 
of  similar  plates  built  up  of  thin  sheet  lead,  but  these  strips  are 
passed  through  a  pair  of  rollers  which  produce  diagonal  corru- 
gations. These  being  interleaved  with  plain  strips,  the  plate  is 
composed  not  of  surfaces  in  close  contact,  but  of  a  series  of  small 
tubes  sloping  upwards  and  tending  to  produce  a  circulation  of 
the  acid  throughout  the  plate;  this  appears  more  promising 
than  the  plain  strips,  but  in  all  likelihood  the  tubes  would  soon 
be  filled  up.  A  later  improvement,  by  M.  Pezzer,  replaces  the 
plain  strips,  by  doubling  the  corrugated  strips  back  upon  them- 
selves so  as  to  form  a  sort  of  fringe.  The  plates  are  separated  by 
a  porous  cell  which  of  course  adds  to  the  internal  resistance 
while  protecting  the  plates  against  accidental  contacts.  It 
would  appear  that  the  double  corrugation  is  a  disadvantage, 
because  it  must  resist  the  formation  of  currents  between  the 
plates,  by  the  ribs  crossing  each  other. 

293.  Messrs,  FUagerM^  Orompton,  and  others  have  united  in 
producing  a  battery  plate  composed  of  a  thin  sheet  of  lead  upon 
which  is  built  up  a  coating  of  spongy  lead  derived  from  the 
reduction  of  chloride  or  other  salts  of  lead  submitted  to  a 
certain  amount  of  pressure  by  which  the  particles  of  lead  are  to 
some  extent  welded  together,  and  made  coherent.  This  resulto 
in  a  plate  of  large  capacity  and  of  very  rapid  *'  formation/'  but 
whether  it  overcomes  the  difficulties  of  &  283^  will  have  to  be 
learnt  in  actual  use. 

It  has  been  found  that  these  cells  are  very  greatly  improTed 
by  using,  as  the  hydrogen  receiving  plate,  an  electrode  oom«- 
posed  of  a  mixture  of  granulated  carbon  and  red  lead.    Such 
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mixtures  have  been  employed  by  others  also,  but  have  failed 
because  used  to  reoeive  the  oxygen :  carbon  as  the  electrode  for 
this  purpose  fails,  because  the  oxygen  being  in  a  pecaliarly 
active  condition,  as  ozone,  Ac,  acts  upon  the  most  refractory 
carbon :  this  is  not  the  oase  with  hydrogen,  and  the  result  is 
that  when  used  for  this  one  plate,  carbon  succeeds ;  but  when 
used  at  both  plates  or  to  receive  oxygen  it  fails. 

294.  Suttof^B  haUertf. ^It  is  needless  to  mention  the  many 
other  patentees  who  have  made  slight  modifications  of  the  lead 
secondary  battery.  But  Sutton's  is  of  a  different  order,  as  it 
consists  of  two  metals  and  a  metallic  salt.  It  is  composed  of  a 
lead  plate  to  beperoxidized,  and  a  copper  plate  to  be  alternately 
dissolved  and  deposited  from  the  solution  of  sulphate  of  copper* 
It  will  serve  well  for  amateur  purposes  and  small  currents, 
though  its  EMF  is  lower  than  that  of  lead.  I  have  also 
employed  a  similar  cell  with  amalgamated  zinc  and  zino 
sulphate.  But  such  combinations  fnil  on  any  large  scale  for 
the  reasons  to  follow. 

295.  MetaUie  soUUiana,  while  promising  in  appearance,  do  not 
answer  in  practice  for  the  same  reason  that  I  have  had  such 
frequent  reason  to  refer  to*  The  action,  unless  very  slow,  alters 
the  layer  of  liquid  in  contact  with  the  metal,  which  then 
refuses  to  act:  in  diarging,  after  the  first  action  there  is  no 
metaUio  salt  present  to  decompose,  but  only  acid  which  gives  off 
gas,  and  so  the  metal  deposit  becomes  non-coheretit :  in  dis^ 
chaise  the  metal  salt  forms  too  rapidly  to  dissolve,  and 
crystallizes  on  the  plate. 

296.  Add  8ohUwn»  other  than  sulphuric  might  be  used  and 
no  doubt  will;  but  hydrochloric  acid  when  electrolysed  does 
not  give  up  H  and  CI  simply,  it  is  always  accompanied  with 
oxygen,  and  the  result  is  the  formation  not  of  chlorides,  but  of 
oxychlorides,  which  are  exceedingly  refractory  in  reduction; 
for  this  reason  the  chloride  of  silver  battery  fails  in  reversal,  or 
else  it  would  constitute  an  admirable  storage  battery.  Then 
the  chloride  of  lead  is  partly  soluble  and  will  not  answer  for 
reasons  given  §  277,  which  also  limit  the  use  of  many  other  acids 
and  salts. 

291.  AUcdline  tdutums  cannot  be  used  with  lead  because  they 
dissolve  it,  but  they  may  be  employed  with  some  other  metals, 
as  iron,  wkieh  at  one  plate  woidd  absorb  H  and  form  peroxide 
at  the  other,  forming  a  battery  of  rather  low  EMF. 

398.  General  Management. — In  charging  a  number  of  cells 
it  is  necessary  so  to  arrange  them  in  series  and  in  arc  as  to 
distribute  them  on  the  same  principles  as  ordinary  battery  cells 
when  a  number  are  used  together. 
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So  many  must  be  ranged  in  series  that  the  number  mnltiplied 
by  the  E  M  F  is  so  much  below  the  charging  E  M  F  as  aUows 
the  required  rate  of  current  to  pass ;  that  is  to  say,  E  (or  2  *25) 
xnXi'25=:EMFof  source,  assuming  that  this  is  to  exceed 
the  counter-force  of  the  battery  by  one  quarter. 

So  many  must  be  ranged  in  multiple  arc  as  brings  the  united 
resistance  to  such  a  ratio  to  the  available  E  M  F  as  will  permit 
the  intended  rate  of  current  to  ^ass;  such  rate  being  well 
below  the  proper  working  density  suited  to  the  area  of  the  plates. 

It  is  of  the  utmost  importance  that  all  cells  to  be  worked 
together  shall  be  fairly  equal,  for  as  in  a  chain  the  capacity  of 
a  combination  is  that  of  the  weakest  link :  if  some  cells  become 
inactive  in  discharge,  they  are  not  merely  useless,  they  begin 
to  take  charge  in  the  opposite  direction  and  oppose  their  E  M  F. 
If  several  sets  in  multiple  arc  differ  in  EMF,  which  will 
occur  if  their  conditions  differ,  some  of  the  sets  will  not  get 
charged,  or  if  left  so  connected  when  the  source  is  not  acting, 
they  will  be  reversed  and  the  charge  wasted. 

1  he  charge  should  not  be  carried  to  more  than  three-fourths 
of  the  capacity.  The  discharge  should  not  be  carried  further 
than  three-fourths  of  the  chai^  actually  stored;  and  the 
battery  should  not  be  charged,  if  avoidable,  long  before  it  is 
intended  to  be  used. 

Each  cell  should  be  occasionally  tested  as  to  its  condition,  in 
order  to  discover  any  derangement,  or  accidental  short  circuit, 
and  any  cell  showing  unusual  evolution  of  gas  should  receive 
immediate  attention. 

N.6.  Galvanometers  should  always  be  kept  in  circuit  to 
give  warning  as  to  what  is  goins  on,  and  automatic  cut-outs 
are  very  useful  in  case  of  a  failure  of  the  source  or  other 
accident.  Such  appliances  are  easily  made  with  an  electro- 
magnet inserted  in  the  circuit  or  in  a  shunt  circuit,  with  a 
permanent  steel  magnet  for  the  armature  mounted  on  a  spring 
and  completing  the  circuit  only  when  held  down :  the  attrao- 
tion  of  the  armature  for  the  core  will  hold  it  down  ordinarily, 
but  if  a  reverse  current  arises  the  armature  leaves  the  magnet, 
breaks  the  circuit,  and  can  be  made  to  ring  a  bell  to  call 
attention. 

299.  Work  donb  bt  Secondary. — ^It  is  asserted  by  some  that 
these  batteries  will  return  90  per  cent,  of  the  energy  stored; 
but  words  can  be  used  to  delude,  and  probably  if  pushed  to 
explanation  we  should  find  electricity  substituted  for  energy.  It 
is  quite  likely  that  90  per  cent,  of  the  electricity,  reckoned  in 
coulombs,  might  be  obtained,  provided  the  battery  were  used 
not  long  after  charge. 
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Quantity  of  electricity  is  in  &ct  current  mnltiplied  by  time, 
C  X  ^  =  Q)  and  if  ve  formulate 

Qu|mtity  of  chiurge^  =  ratio  of  vseM  work. 
Quantity  of  discharge 

we  have  of  course  the  waste  by  loccil  actiona,  which  is  always 
inevitable  in  electrical  operations. 

But  for  these  large  currents  the  coulomb  is  too  small  a  unit, 
and  it  ie  becomiDg  common  to  reckon  by  *'  ampere  hours,"  that 
is  to  say  by  the  quantity  represented  by  an  ampere  current 
sustained  for  i  hour  or  3600  seconds,  so  that  "  ampere  hour  " 
means  3600  coulombs.    See  §  386. 

But  this  is  a  small  part  of  the  loss.  What  we  are  really  con- 
cerned in  is  the  energy^  and  this  is  related  to  C  X  E  and  may  be 
measured  in  **  volt-ampere  hours."  It  depends  upon  the  E  M  F 
as  well  as  the  current,  and  as  the  E  M  F  of  charge  must  exceed 
that  of  discharge,  and  may  probably  exceed  it  by  one-third,  we 
have  here  an  inevitable  loss,  which  cannot  be  defined  for  all 
cases,  because  it  will  depend  upon  the  ratio  of  the  external  and 
internal  resistances. 

This  only  gives  us  the  loss  upon  actual  storage,  but  we  must 
add  that  lost  in  the  act  of  charge,  the  energy  carried  away  in 
the  escaping  gases,  §  285.  And  when  all  these  are  considered 
it  is  almost  certain  that,  on  the  average,  the  use  of  storage 
batteries  means  the  loss  of  50  per  cent,  of  the  energy,  as 
compared  with  direct  working.  This  means  doubling  the  cost, 
irrespective  of  the  value  and  expense  of  the  battery  itself:  it  is 
as  though  only  one-half  of  the  gas  put  into  a  gas-holder  could 
be  delivered  from  it,  and  this  is  why  secondary  batteries  have 
come  into  little  use,  notwithstanding  all  that  was  hoped  from 
them. 
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CHAPTEB  V. 

MEASUBEMENT. 

300.  The  great  distinction  between  modem  and  ancient  model 
of  investigation  is  that  modem  science  is  based  upon  exact, 
minirle  measurement,  so  that  causes  and  effects  are  truly  balanced 
and  actions  traced  from  point  to  point;  then  when  different 
branches  of  phenomena  have  been  traced  to  their  connection, 
an  explanation,  a  theory  can  be  arrived  at :  the  scienoe  *^  fialsely 
so-called  "  of  the  ancients  was  vague,  the  theory  or  conception 
was  first  set  up  a  priori  from  a  general  view  of  phenomena,  and 
then  the  facts  were  fitted  to  it  as  well  as  they  could. 

Eleotrical  measurements  relate  to  the  three  divisions,  §§  i58- 
70,  electromotive  force,  resistance,  and  current,  and  the  general 
theory  will  be  explained  further  on,  but  it  is  better  to  commence 
with  the  facts  the  theory  is  based  upon,  and  the  instruments 
in  use,  following,  in  fact,  the  process  by  which  the  existing 
syHtem  has  been  developed,  a&d  commencing  with  the  actufd 
phenomena  of  current. 

301.  Measurement  of  Cubrehtt. — This  may  be  effected  by 
three  actions  of  the  electric  current,  §  147,  viz.  by  the  magnetie^ 
the  chemical,  and  the  hecUing  effects,  which  are  ezamin^  by 
instruments  called  Gakanometers,  Voltameters,  and  Calorimetien. 
Each  has  its  use.  The  galvanometer  interferes  very  little  with 
the  actual  passage  or  work  of  the  current,  and  indicates,  by 
the  motion  of  a  magnetic  needle,  the  actual  current  passing  at 
each  instant,  and  therefore  any  variations  occurring.  The 
voltameter  measures  the  total  quantity  of  electricity  which  has 
passed  in  a  given  period,  or  which  is  developed  during  a  given 
action ;  .and  the  calorimeter  testifies  to  the  relations  of  energy 
to  the  electrical  work  done. 

302.  Galvanometers. — When  a  magnetic  needle  and  a  gal- 
vanic ooniductor  are  placed  parallel  with  each  other,  they  tend 
to  place  themselves  at  right  angles  to  each  other ;  the  action  is 
reciprocal,  either  the  magnet  or  conductor  will  move,  but  the 
motion  of  the  needle  is  obviously  the  most  convenient  for  use. 
If  over  a  magnetic  needle  at  rest,  and  in  the  same  direction,  we 
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place  a  wire,  and  throngli  it  pass  a  ourrent  entering  at  the 
southern  end,  the  needle  turns  with  the  N.  end  to  the  left,  or 
-westerly ;  if  the  wire  be  hdow^  the  needle  turns  to  the  right. 
If  the  direction  of  the  current  is  reversed,  that  is,  if  it  enters 
at  the  N.  end,  the  actions  are  reversed.  If  the  wire  makes  a 
turn  round  the  length  of  the  needle,  it  is  evident  all  these 
conditions  come  into  play  at  once,  for  the  ourrent  entering  at 
S.  and  passing  above  the  needle,  when  the  wire  turns  to  the 
lower  side,  the  current  passes  from  the  N.,  hence  both  the 
actions  are  the  same  and  the  needle  is  deflected  to  the  left  with 
double  force ;  each  turn  has  a  similar  action,  varying,  however, 
in  its  amount  with  its  distance  from  and  position  as  regards 
the  needle,  on  principles  which  will  be  explained  hereafter. 

303.  Galvanometer  Needles. — These  are  frequently  made  too 
heavy :  the  heavier  they  are  the  greater  is  their  *'  moment  of 
inertia  "  and  the  force  required  to  move  them,  and  the  longer 
they  are  in  coming  to  rest.  The  best  material  is  a  watch  or 
clock  spring  softened,  in  order  to  shape  and  arrange  it,  then 
hardened  by  heating  to  a  low  red  heat  and  plunging  in  water. 

Long  needles  have  most  directive  force  and  give  more  decided 
indications,  but  take  longer  in  coming  to  rest ;  they  are  there- 
fore best  adapted  to  vertical  galvanometers.  Short  needles  are 
less  affected  by  external  magnetic  disturbances  and  come  quicker 
to  rest;  their  deflections  are  also  more  equal  in  value  at 
different  parts  of  the  scale. 

304.  Magnetising  may  be  effected  by  placing  or  rubbing  on 
the  poles  of  a  permanent  magnet.  Fig.  49  is  an  apparatus 
which  will  be  found  very  convenient  for  obtaining  highly 
saturated  needles. 

It  consists  of  an  iron  base  A  forming  a  sliding  groove  to  hold 
the  other  parts  in  position.  G  is  an  electro-magnet  which  may 
be  fixed  to  the  base ;  B  is  the  core  of  the  other  arm  which  can 
be  adjusted  to  the  length  of  the  needle,  the  ends  of  which  rest 
on  the  top  of  C  B.  E  and  F  are  coils  connected  together  by  a 
flexible  wire  at  the  middle,  and  supported  on  feet  fitted  to  the 
groove  in  A,  so  that  the  needle  can  be  inserted  within  the  coils. 
The  wires  atre  so  connected  that  the  current  divides  between 
C  B  and  E  F,  but  the  circuit  of  E  F  is  to  be  provided  with  an 
interrupter,  or  one  wire  can  be  attached  to  a  rough  file  and  the 
other  run  alon^  the  file,  so  as  to  keep  up  a  strong  magnetism 
in  G  D,  to  which  the  needle  acts  as  armature,  while  a  strong 
intermittent  current  passes  around  the  needle  in  E  F.  A 
simpler  but  less  effective  apparatus  can  be  made  with  the  coils 
E  F  alone,  if  they  are  fitted  with  sliding  rods  and  tubes  to  keep 
them  in  position.     If  the  coils  are  made  of  No.  20  or  22  wire,  a 
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single  bichromate  cell  will  do  the  work  effectively.    The  coils 
ahoxdd  be  marked  to  show  which  end  gives  N.  polarity  when 

Fig.  49* 


connected  to  -f-  of  the  battery:   astatic  pairs  are  of  course 
inserted  separately  in  opposite  directions. 

305.  Suspension. — For  delicate  instruments,  the  only  satis- 
factory suspension  is  by  a  silk  fibre,  or  such  a  thread  of  silk  as 
may  be  drawn  from  a  ribbon ;  hairs  are  sometimes  used,  but 
they  offer  a  strong  resistance  to  motion,  llie  fibre  should  be 
attached  at  its  upper  end  to  a  sliding  rod  (in  good  instruments 
a  compound  screw  is  used),  which  Hfts  without  twisting  the 
fibre.  For  ordinary  instruments  with  a  single  needle,  an  agate 
centre  fixed  above  the  needle  is  used.  Double  needles  may  be 
suspended  in  a  similar  manner ;  the  agate  centre  is  first  fixc^  in 
a  thin  brass  tube  by  turning  the  edges  lightly  over  it,  the 
upper  needle  is  then  attached  to  it,  if  double  by  placing  one 
part  on  each  side,  if  single  either  by  a  hole  opened  in  the 
middle  or  by  doubling  over  the  top  and  bringing  down  on  each 
side  so  as  to  grip  the  tube  firmly,  and  then  touching  lightly 
with  solder,  or  an  indicator  may  be  similarly  fixed.  The  lower 
needle  may  be  made  of  two  pieces  of  watch-spring,  one  fixed  on 
each  side  of  a  very  thin  light  tube,  the  ends  of  the  needles 
drawn  together  and  soldered  or  riveted.  The  tube  should  be 
under  ^  inch  in  bore  and  fit  firmly  upon  or  in  the  upper  tube 
carrying  the  a^ate,  and  when  the  two  needles  are  exactly 
adjusted  a  touwi  of  solder  will  fix  the  tubes  together,  or,  if 
preferred,  the  junction  may  be  made  by  screwing.    To  adjust 
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the  needles,  a  sospenflion  point  is  placed  upon  a  movable  board 
having  a  line  marked  upon  it ;  one  needle  being  magnetized, 
the  line  on  the  board  can  be  placed  true  N.  or  S.,  and  the  other 
needle  or  indicator  being  added,  the  tubes  are  moved  slightly 
till  the  united  system  is  correct. 

jo6.  The  woingt  of  the  needle  correspond  to  those  of  a  pen- 
dulum, and  for  tiie  same  needle  always  occupy  the  same  time, 
whether  the  swing  be  across  the  whole  arc  or  over  only  a  degree 
or  two :  this  gives  a  means  of  adjusting  astatic  needles  to 
the  desired  delicacy  and  also  of  controlling  the  movements  of 
needles.  If  there  is  a  commutator  or  break  in  the  circuit  it  is 
easy  to  make  and  break  circuit  so  as  to  lead  the  needle  slowly 
up  to  the  proper  deflection  with  scarcely  a  return  swings  or  to 
meet  the  swings,  and  bring  it  to  a  dead  stop,  which  saves  much 
time  in  observations :  but  the  number  of  vibrations  of  a  needle 
may  be  diminished  or  arrested  by  damping  in  various  ways. 

(i)  A  plate  of  copper  close  to  the  needle,  either  as  the  dial 
plate  or  as  the  internal  frame  of  the  coils,  checks  the  swings  by 
the  induced  electric  currents  set  up  in  the  copper. 

(2)  A  vane  of  paper  or  mica  may  be  attacQied  either  to  the 
needle  or  indicator. 

(j)  A  similar  vane  may  be  attached  to  the  bottom  of  the  wire 
which  connects  the  needle  to  its  fibre,  to  work  in  a  chamber 
under  the  coils ;  sometimes  this  chamber  contains  mercury  or 
some  liquid,  such  as  glycerine  and  water,  the  effect  of  which  la 
to  cause  the  needle  to  move  slowly  up  to  its  point  of  rest 
without  swinging ;  or  the  chamber  within  the  coils  may  be  so 
used. 

307.  Needles  shotdd  he  formed  with  points  tapering  to  near  the 
middle :  the  ends  should  not  be  square,  because  the  current  acts 
on  the  magnetism,  and  would  tend  to  pull  the  poles  over  to  the 
comers  as  shown  Fig.  50,  and  to  disturb  the  relation  between 
the  needle  and  the  indicator  (see 
I  134).  When  formed  of  thin  Fig.  50. 
plates  on  edge  this  cannot  occur, 
and  the  shape  is  of  no  conse- 
quence. In  some  tangent  gal- 
vanometers compound   circular        p*— ----- -j---tr.r.r    1 

needles  are  used,  consisting  of  a        *      "^      ""u 

disc  of  mica  on  which  parallel 

strips  of  steel  such  as  pieces  of  sewing  needles  or  watch-springs 

are  cemented,  long  in  the  middle  and  shorter  at  the  sides  :  it  is 

considered  that  these  suffer  less  displacement  in  the  magnetic 

field  of  the  current  than  straight  needles  do. 

}o8.  IndiccUan  may  be  maie  of  a  thin,  hard  ^wn  wire, 
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alnminitiin  alloyed  with  a  little  silver  being  best,  or  of  a  thread 
of  black  glass,  which  may  be  drawn  out  over  a  Bnnsen's  burner 
or  spirit-lamp,  by  heating  a  small  rod  or  tube  (such  as  a  bugle) 
to  fusion,  and  drawing  the  two  ends  rapidly  but  steadily  away. 
A  more  correct  indicator,  having  no  weight,  is  obtained  by 
attaching  to  the  suspending  wire  a  mirror  made  of  a  circle  of 
microscope  glass  silvered,  upon  which  a  ray  of  light  is  allowed 
to  fall  from  a  shaded  lamp  placed  upon  the  continuation  of  the 
zero  line  of  the  instrument.  The  mirror  is  attached  to  the  wire, 
or  in  Thomson's  reflecting  galvanometer,  to  one  of  the  needle6» 
by  shellac  varnish,  or  by  a  cement  such  as  coaguline. 

309.  Astatic  Needles  are  a  pair  of  needles  fixed  upon  a  wire 
or  a  tube,  as  above  described,  with  their  poles  in  opposite  direo- 
tions,  so  as  to  neutralize  each  other :  if  perfectly  adjusted  they 
would  have  no  tendency  to  assume  any  partic-ular  position. 

It  is  often  stated  in  text-books  that  such  needles  place 
themselves  E.  and  W.,  and  an  elaborate  mathematical  explana- 
tion is  given.  Fig.  51  explains  the  cause  simply.  NS,  m, 
are  two  oppositely  arranged  needles,  whic;h  are  not  arranged 

exactly  in  the  same  ver- 
Pjq  5j  tical  plane  (this  being  of 

course  exaggerated  in  the 
figure) :  it  is  evident  that 
the  result  is  to  form  two 
virtual  magnets  or  fields 
at  the  opposite  ends,  both 
having  the  same  direc- 
tion, as  shown  by  the  ar- 
rows ;  these  virtual  mag- 
nets place  themselves  m 
the  usual  N.  S.  position,  and  as  a  consequence,  the  visible  system, 
which  is  a  neutral  one  and  serves  simply  as  an  indicator,  places 
itself  E.  and  W.  This  occurs  only  when  the  needles  are  exactly 
equal.  In  practice  it  is  necessary  to  make  one  of  the  needles 
so  much  more  powerful  than  the  other  as  to  bring  the  aystom 
to  rest  upon  the  zero  line :  the  upper  needle  if  made  longer 
does  this  by  its  greater  "  moment." 

310.  Magnetism  of  needles. —  i'he  actual  strength  of  the 
needle's  magnetism  has  no  eflTect  upon  the  deflection,  except 
indirectly  by  the  relative  effect  of  the  resistances  of  the 
support ;  two  exactly  similar  needles  will  be  alike  deflected, 
though  one  be  strongly  and  the  other  weakly  magnetized. 
The  reason  is  that  the  needle  is  affected  by  two  forces,  the 
effort  of  the  current  and  the  earth's  magnetic  field,  and  these 
ai-e  equally  reacted  on  by  the  needle  itself.     This  applies  only 

Digitized  by  VjOOQIC 


313']  BOTABT  STAND.  195 

to  single  horizontal  needles.  A  compound  pair  will  deflect 
differently  when  strongly  and  weakly  magnetized.  A  needle 
vertically  suspended,  will  also  deflect  further  if  strong  than  if 
weak.  Different  needles,  if  different  in  length,  will  also  be 
differently  deflected  by  the  same  instrument  and  current. 

311.  Besiatance  to  motion. — The  actual  measuring  power  is 
due  to  the  resistance  offered  to  the  action  of  the  current.  In 
the  ordinary  single-needle  instruments,  this  resistance  is  caused 
by  the  earth's  magnetism;  the  result  is  due  to  the  relative 
strength  of  the  two  magnetic  fields,  earth  and  current,  acting 
at  right  angles  to  each  other :  in  this  form,  therefore,  the  same 
current  wiU  produce  different  deflections  at  different  parts  of 
the  earth ;  of  course,  also,  the  neighbourhood  of  magnets  or 
currents,  or  of  masses  of  iron,  will  disturb  the  action  :  in  some 
cases  this  is  remedied  by  using  permanent  magnets  to  control 
the  needle,  in  place  of  the  earth's  magnetism,  of  such  power  as 
to  render  other  agencies  of  small  effect.  In  other  forms  a 
mechanical  resistance  is  employed,  such  as  the  torsion  of  a  wire 
or  fibre,  or  a  bifilar  suspension.  In  vertical  galvanometers  the 
resistance  is  the  extra  weight  of  the  lower  parts  of  the  system. 

312.  Stand  for  Galvanometers. — There  is  often  some  trouble 
in  arranging  instruments  so  that  the  needle  stands  directly 
upon  the  N.  and  S.  or  zero  line,  and  many  good  galvanometers 
are  made  movable  on  an  axis  for  this  purpose.  A  revolving 
stand  is,  however,  a  great  convenience  for  a  variety  of  purposes. 
The  base  should  be  of  well-seasoned  wood,  and  fitted  with  three 
levelling  screws,  and  with  a  truly  vertical  axis  rising  from  its 
centre.  Upon  this  revolves  a  somewhat  smaller  disc,  which 
may  advantageously  be  carried  by  small  wheels  between  the 
two  boards.  At  opposite  ends  of  one  diameter  there  should 
be  set-screws  or  springs  to  hold  the  disc  steady  when  adjusted. 
By  markin^r  the  edge  of  one  of  the  discs  in  deg^rees  of  a  circle 
and  attaching  a  pointer  or  vernier  to  the  other,  this  stand 
converts  any  form  of  galvanometer  into  a  sine  galvanometer. 

313.  General  Principles. — When  a  magnet  is  suspended 
simply  in  the  magnetic  field  of  the  earth,  it  stauds  magnetic 
North  and  South,  which  is  called  the  zero  line. 

When  the  magnetic  field  of  the  earth  is  obliterated  in  the 
neighbourhood  of  the  needle,  as  by  means  of  external  magnets, 
or  its  influence  is  put  an  end  to,  as  in  a  perfectly  astatic  needle, 
the  magnet  has  no  directive  influence  whatever,  and  then, 
imder  the  influence  of  any  electric  current,  it  places  itself  in  the 
axis  of  the  field  due  to  this  current ;  that  is,  if  the  wire  be 
placed  in  the  magnetic  zero  line,  the  needle  places  itself  at  right 
angles,  or  at  90°  of  deflection.  r^         1 

Digitized  by  V-C0B)QIC 


196  MXA8UBEMXNT.  [31}- 

When  an  ordinary  single  needle  is  placed  at  the  centre  of  a 
current  moving  in  the  plane  of  the  magnetic  meridian,  this 
needle  is  deflected  to  a  certain  degree  dependent  upon  the 
strength  of  the  current.  In  this  position  it  is  influenced  hj 
two  equal  and  opposite  forces,  the  valuation  of  either  one  iS. 
which,  therefore,  values  the  other. 

Of  tiiese  two  forces  one  is  known — ^that  is  to  say,  the  aGti(n 
of  the  earth's  magnetic  field  upon  the  needle,  and,  if  we  can 
express  this  force  in  some  definite  system,  we  have  equally  the 
measure  of  the  galvanic  current,  which,  in  the  given  ciicam- 
stances,  exactly  balances  it. 

The  effect  of  the  number  of  turns  of  wire  and  their  position 
is  explained  §  327.  This  is  frequently  explained  in  text^booki 
by  a  vast  array  of  formulsd ;  but  unfortunately,  as  with  many 
other  highly  wrought  mathematical  formuliB,  they  too  o^en 
tend  to  hide  away  out  of  sight  the  real  principle  which  gives 
them  existence. 

The  student  should  clearly  realize  that  all  the  theories  and 
laws  set  forth  as  to  the  influence  of  distance  of  the  wire  from 
the  needle  resolve  themselves  simply  into  this  one  point,  the 
development  of  the  magnetic  field  due  to  the  currents  in  the 
wires. 

The  influences  of  the  two  forces  are,  according  to  known 
laws,  proportional  to  the  sines  of  their  relative  angles,  that  is  to 
say,  considering  the  one  angle  of  deflection  alone,  the  pull  <tf 
the  earth's  field  upon  the  needle  is  proportional  to  the  fdne  of 
the  angle  of  deflection,  while  the  pull  of  the  current  is  equal  to 
the  cosine  of  the  same  angle.  To  value  these  trigonometrical 
expressions,  however,  we  must  attach  some  definite  measure- 
ment to  them,  because  the  unit  pulls  of  the  two  forces  are  not 
the  same.  This  object  is  attained  by  different  writers  by 
various  formulsd,  of  which  I  will  quote  one  from  De  la  Rive, 
vol.  i.  p.  338,  as  being  about  the  simplest : — "  Now,  by  supposing 
that  the  angle  of  deviation  described  by  the  needle  under  the 
action  of  a  current  is  t,  the  force  which  tends  to  bring  it  back 
into  the  magnetic  meridian,  and  which  produces  equilibrium  to 
the  deviating  action  of  the  current,  would  be  /  sine  t,  /  being 
the  force  of  the  terrestrial  magnetism  for  the  angle  whose  sine 
is  I ,  viz.  for  the  angle  of  90^.  On  the  other  hand,  if  F  represents 
the  action  of  the  current  upon  the  needle  when  the  fatter  is 
placed  parallel  to  the  current,  this  force  will  become  F  cosine 
%  when  the  needle  makes  an  angle  %  with  the  direction  of  the 
current ;  for  F  cosine  %  is  the  component  of  F  acting  under 
the  angle  t.  F  cosine  t,  therefore,  is  the  expression  of  the 
deviating  force  of  the  current  upon  the  needle,  when  the  angle 
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of  deyiation  is  t ;  it  is,  consequently,  equal  to  /  sine  t,  sinoe  it 

makes  eqoilibrinm  with  it.    From  F  cosine  i  =  /  sine  i  we 

Bine  % 

deduce  F  =/ — ; .  s=  tang  ♦.    But  /  is  a  constant  quantity,  at 

•^  cosine  •  o  ^  ^  jj 

least  in  the  place  where  the  ohservation  is  made,  because  it  is 
the  directive  force  of  the  earth.  Therefore  F,  or  the  force  of  the 
current,  is  proportional  to  the  tangent  of  t,  or  of  the  angle  of 
deviation." 

3 14.  I  prefer  to  make  principles  evident  to  the  eye,  and  o£fer 
the  following  explanation.  Instead  of  considering  the  two 
forces  asmUU  at  right  angles,  which  necessitates  the  considera- 
tion of  the  sine  and  the  cosine  of  the  angle  of  deviation,  two 
measures  which,  except  at  45°,  are  unequal,  while  the  forces 
they  measure  are  eqaal,  let  us,  remembering  that  the  earth's 
magnetism  and  the  current  are  acting  from  the  same  plane,  treat 
one  as  a  puU  and  the  other  as  a  push  of  equal  power  in  the 
opposite  directions ;  we  now  measure  them  both  at  once,  they  are 
both  equal  to  the  sine  of  the  angle  of  deviation.  Let  us  now 
commit  a  mathematical  heresy,  and  declare  that  the  sine  of  an 
angle  and  the  tangent  of  an  angle  are  the  same  thing,  but  in 
doing  so  let  me  ask  any  critic  who  may  notice  this  assertion  not 
to  quote  a  without  its  explanation. 


Fia.  52. 


V  ^  ^  '  '^ 
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^n6ewts 

315.  Fig.  52  will  assist  readers  unfamiliar  with  trigonometry 
to  comprehend  terms  often  met  with.  The  vertical  line  forms 
the  perpendicalar  of  a  right-angled  triangle,  of  which  the  base 
or  other  side  of  the  right  angle  is  the  divided  line  of  tangents : 
the  angle  measured  is  that  formed  at  the  lower  part,  where  the 
radial  lines  meet ;  these  lines  forming  the  third  side,  or  hypo- 
thenuse  of  the  triangle.  The  dimensions  of  the  angle  relate 
only  to  the  opening  of  the  two  lines,  that  is  to  say,  to  the  arc  of 
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circle  wMoli  they  inclose,  but  may  be  measured  by  any  other  of 
the  essential  lines,  provided  a  unit  or  known  length  is  taken  for 
one  of  these  lines,  which  then  governs  the  size  of  the  right- 
angled  triangle  formed.  The  proper  unit  is  called  the  radiu$,  as 
from  that  the  circle  is  struck :  radius  then  is  i ;  in  the  figure 
one  inch.  The  radial  dotted  lines  inclose  areas  of  io°  each  from 
the  perpendicular  radius,  and  lines  drawn  from  the  end  of  the 
radius  to  where  the  lines  cut  the  circle  are  the  chords  of  the  arc. 
The  horizontal  liue  is  that  of  tangents,  defined  for  each  angle  by 
the  prolongation  of  the  seoondary  radius  inclosing  it ;  the  unit 
tangent,  that  equal  to  the  radiu**,  or  i,  is  the  tangent  of  45® 
(shown  by  a  line  from  i  on  the  scale  to  the  arc).  The  sine  of 
an  angle  is  a  line  drawn  from  the  intersection  of  the  secant  to  the 
radius,  parallel  with  the  tangent  line ;  its  unit  length,  equal  to 
radius,  i,  is  the  sine  of  90°,  and  the  lower  divided  line  is  that 
sine  divided  to  correspond  with  the  actual  sines,  not  shown 
themselves,  but  defined  by  the  vertical  dotted  lines,  which  are 
the  coifines,  or  sines  of  the  complementary  an^le.  The  radial 
dotted  lines  extending  to  the  tangent  line  show  the  seemiL, 
which  has  no  unit,  i,  as  its  unit  is  radius  itself,  which  mathema- 
tically may  be  called  the  secant  of  angle  0^.  It  will  be  seen  that 
the  sine  and  tangent  are  parallel  lines  both  defined  by  the  same 
secant,  the  sine  inside  and  the  tangent  outside  the  circle,  and  in 
fact  that  by  taking  the  cosine  for  a  fresh  radius,  the  original 
sine  becomes  the  tangent :  this  is  expressed  in  another  way  in 
the  formula  commomy  used  (as  by  De  la  Eive  above)  that  sine 
-7- cosine  =  tangent:  this  is  the  usual  explanation  of  the  fact 
that  the  two  balanced  forces  under  consideration,  one  represented 
by  the  sine  and  the  other  by  the  cosine,  are  truly  measured  by 
the  tangent.  The  advantage  of  the  tangent  scale  is  that  it  is 
one  of  equal  parts.  Scales  of  natural,  i.  e.  proportional,  sines  and 
tangents  are  to  be  found  in  most  engineering  pocket-books ;  and 
logarithmic  values,  which  are  necessary  for  many  calculations, 
are  furnished  with  the  common  logarithmic  tables. 

316.  Values  of  Deflections. — ^Degrees  or  tangents  of  degrees 
are  merely  proportions,  and  we  need  a  unit  value  to  give  them 
meaning.  As  the  measurement  of  the  deflective  power  of  the 
current  is  obtained  in  terms  of  resistance  exerted  by  the  earth's 
magnetic  field,  this  latter  must  be  expressed  in  a  definite  value, 
or  unit,  in  order  to  obtain  the  value  of  the  current.  The  earth 
being  a  magnet,  its  lines  of  force  converging  towards  the 
magnetic  poles,  of  course  the  intensity  of  its  magnetism  is,  as  with 
small  magnets,  greatest  at  these  poles ;  but  this  magnetism  has 
two  actions  on  our  instruments,  producing  the  dip  or  vertical 
deviation,  §  131,  and  the  horizontal  direction,  §  132.    This  latter 
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18  that  which  is  need  in  compasses  and  galvanometers  and  moTos 
the  needle  in  a  horizontal  plane,  drawing  it  to  the  magnetic  N. 
and  S.  meridian,  or  zero  line,  and  would  draw  a  single  pole  (were 
such  a  thing  possible)  along  that  line.  It  is  usually  written  H 
in  formulas,  and  is  necessarily  strongest  at  the  magnetic 
equator,  where  the  natural  position  of  the  needle,  or  the 
resultant  of  the  earth's  force,  is  horizontal,  and  weakens  as  the 
pole  is  approached,  where  the  horizontal  motion  is  absorbed  in 
the  vertical.  The  horizontal  intensity  is  proportional  to  the 
squares  of  the  rates  of  oscillation  of  the  needle  at  different 
places,  but  for  fall  information  on  this  subject,  works  treating  of 
magnetism  can  be  consulted.  What  is  necessary  to  observe  here 
is  that  any  galvanometer  whose  eonUarUj  or  current  value  is 
measured  at  one  place,  will  require  a  correction  when  used  at 
other  places  proportional  to  the  relative  horizontal  intensities  of 
the  two  places. 

317.  Horizontal  InteruUy, — This  value  is  subject  to  small 
changes  (besides  the  irregular  ones  occurring  during  magnetic 
storms),  but  the  value  usually  employed  is  that  measured  in 
1865  ;  expressed  in  the  metre-gramme  absolute  units  that  value 
is  1*764:  in  the  foot-grain  system  its  value  is  3 '826.  These 
are  the  values  symbolized  by  H,  and  they  mean,  that  a  free 
unit  pole  would,  under  the  earth's  magnetic  influence,  acquire 
those  velocities  in  one  second  of  time.  The  measurement  of 
this  value  (see  also  §132)  can  be  effected  by  means  of  a  tangent 
galvanometer  and  a  battery  of  which  the  E  M  F  is  known,  by 
the  formula 

_     B  2  9rn 
~  E  .  r  tang  e 

where  ir  is  the  circumference  and  r  the  radius,  n  the  number  of 
turns,  B  the  resistance  in  ohms,  and  $  the  an^le. 

318.  Zero  lAne, — The  zero  N.  and  S.  line  is  itself  not  fixed,  so 
that  to  make  correct  measurements,  the  galvanometer  needs  to 
be  placed  in  the  actual  zero  line  at  the  time  of  observation. 
There  is  a  small  annual  variation  of  the  mean  position  dependent 
on  the  season,  and  a  larger  daily  one,  both,  therefore,  due  to 
the  changing  position  of  the  sun  in  relation  to  the  place  of 
observation,  and  probably  electro-magnetic  in  character,  and 
caused  by  the  thermo-electric  currents  set  up  by  the  motion  of 
the  earth  under  the  sun.  According  to  observations  made  in 
Paris  by  Cassini,  the  amplitude  of  these  diurnal  motions  is  1 3 
to  15  minutes  of  arc,  from  April  to  September,  and  from  8  to  10 
from  October  to  March.  During  the  night  the  needle  is  nearly 
at  rest ;  at  sunrise  the  north  pole  moves  westerly  to  a  maximum 
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between  noon  and  3  p.m.,  when  it  retnmB  to  the  east,  in  boih 
caseB,  as  though  the  Bonth  pole  were  attracted  towards  the  son: 
these  variations  increase  as  the  magnetic  latitude  increases^ 
The  needle  occupies  the  mean  zero  positkm  about  10  a.m.  and 
7  p.m. 

319.  Thb  Tangent  GALYANOiBfBrEEt. — ^It  is  best  to  eommenod 
the  study  of  galvanometers  with  an  instrument  theoretically 
perfect,  rather  than  with  those  which  are  merely  simple  in 
form.  The  tangent  galvanometer  then  is  simply  one  m  whidi 
the  foregoing  principles  are  carried  out ;  that  is  to  say,  one  in 
which  the  magnetic  field,  generated  by  the  current,  is  so  large 
that  the  motion  of  the  magnetic  needle  within  it  does  not 
materially  change  its  relations  to  that  field.  Therefore  the 
essence  of  a  tcmgent  galvanometer  is  simply  that  the  ooil  of 
wire  conveying  the  current  shall  be  a  circle  of  a  diameter 
greatly  exceeding  the  length  of  the  magnetic  needle ;  it  should 
be  ai  least  \2  times  as  great.    See  §  328. 

320.  Convtrudum. — The  best  construction  I  have  been  able  to 
devise  is  shown  in  Fig.  53.    An  elliptical  board  A  is  supported 

by  three  levelling-screws,  two 
visible  and  one  beycnd  the 
bindingHBcrew&  The  ring  of 
wire,  of  which  I  shall  speak 
presently,  is  let  into  this  table, 
and  supported  by  two  blocks  of 
wood ;  across  its  middle  (a  little 
below  the  centre,  of  course)  a 
table  C  is  secured  which  car- 
ries in  its  middle  the  dial,  sur- 
rounded by  a  rim  in  whidi  a 
glass  cover  can  be  placed.  The 
needle  may  be  supported  by  a 
steel  point  in  the  centre  of  the 
dial,  or  (which  is  far  better) 
suspended  by  a  silk  fibre  from 
the  middle  of  the  small  pieoe  of 
wood  or  brass  E,  also  secured  to 
the  ring  ;  this  can  be  best  adjusted  to  oentrality,  so  as  to  com- 
pensate for  any  slight  want  of  true  levelling,  by  an  apparatus 
similar  to  the  mechanical  stage  of  a  microscope.  I  have 
shown  an  instrument  of  three  circuits,  thrown  into  action 
by  a  commutator  G,  working  under  the  stand.  The  end  of  the 
first  circuit,  i.  e.  the  stoutest  conductor,  is  soldered  to  binding- 
screw  — ,  the  other  ends  are  taken  to  three  studs  F,  the 
wires  being  slightly  let  into  the  wood;  a  screw-stud  oon- 
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nected  to  binding-iujTew  -f-  carries  a  spring  whioli  completes 
either  circiiit  as  needed. 

321.  Connedtons, — All  these  wires  should  be  kept  as  close  as 
possible,  so  that  practically  they  neutralize  each  other's  influence 
on  the  needle. 

By  placing  the  connections  at  some  distance  apart  in  the 
plane  of  the  wire,  it  is  evident  that  part  of  the  circle  is 
partially  neutralized  by  the  wires  below,  leading  to  the  con- 
ductors ;  the  conductors  themselves  also  will  act  irregularly  on 
the  needle,  according  to  the  side  to  which  it  is  deflected,  and,  at 
any  rate,  destroy  the  true  tangential  values  of  the  deflections. 
It  must  always  be  remembered  that  conducting  wires  and 
connections  form  an  integral  part  of  every  electric  system ;  we 
cannot  confine  the  action  just  to  those  wires  which  we  call  the 
instrument  proper. 

322.  DetaiU  of  Circuits. — Such  a  three-circuit  instrument  may 
he  constructed  by  forming  a  ring  of  the  desired  size,  out  of  paper 
l^usted  up,  which  is  best  accomplished  upon  a  disc  of  wood  cut 
in  two  and  temporarily  secured  to  the  table  C  ;  this  can  then  be 
mounted  on  a  stand  for  convenience  of  winding.  Lay  on  forty- 
five  turns  of  the  finest  wire  to  be  used,  say  No.  20,  tnen  four  of 
No.  16,  then  a  complete  circle  of  thickish  copper  sheet ;  next  five 
turns  of  No.  i6  and  forty-five  of  No.  20  will  complete  the  wires. 
The  ends  of  these,  coming  out  at  the  lowest  point  of  the  ring, 
must  be  so  connected  that  the  current  enters  by  the  single  ring 
and  goes  to  the  i  stud,  or  continues  through  the  nine  turns  of 
No.  16,  and  then,  in  like  manner,  to  8tud  2  and  to  the  ninety 
turns  of  No.  20,  always,  of  course,  in  the  same  direction  around 
the  ring,  and,  finally,  to  3  stud.  In  this  way  the  commutator 
includes  in  the  circuit  i,  10,  or  100  turns  of  wire,  and  by  the 
arrangement  of  winding,  these  being  practically  all  at  the  same 
distance  from  the  needle,  their  actions  will  be  in  that  proportion, 
and  one  value  will  apply  to  all  the  circuits. 

323.  Value  of  Deflections,  —  The  actual  deflection  any  par- 
ticular tangent  galvanometer  will  produce  with  a  given  current, 
say  the  unit  current  of  i  ampere  or  chemic,  will  depend  directly 
upon  the  number  of  turns,  and  inversely  upon  the  distance  of 
the  rings  of  wire  from  the  centre;  this  relation  is  derivable 
from  the  following  law : — 

A  current  of  unit  strength  placed  once  round  the  circumference  of 
a  circle  of  unit  radius,  in  the  plane  of  the  nuignetic  meridian,  will 
cause  a  short  magnet  suspended  cU  the  centre  of  the  circle  to  he  de^ 
fleeted  through  an  angle  whose  tangent  is  6*2832,  divided  by  the 
absotute  horizontal  intensity  of  the  earth's  magnetic  force  at  the  time 
and  place  of  cbservation. 
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For  any  diameter,  calling  H  the  earth's  horizontal  intensitr, 
r  the  radius  of  the  coil,  d  its  diameter,  L  length  of  wire  in  the 
coil,  all  in  metres,  n  the  number  of  turns,  0  the  angle  of  de- 
flection, and  0  the  current  strength  in  absolute  (metre-gramme- 
second)  units,  we  have : — 

C  =  Hrp  tang  0°;  or  0  = t>  x  -  tang  0. 

L       ^  12-566      n       *=* 

The  result  will  be  expressed  in  metre-gramme-seoond  units, 
and  multiplied  by  100  will  give  the  current  in  amperes. 

Deflections  exceeding  60°  are  very  unreliable,  because  of  the 
rapid  growth  of  the  tangential  scale.  Even  at  50°  a  single  degree 
means  three  times  as  much  current  as  at  lo'^,  four  times  at  60°, 
and  forty  times  at  80°,  so  that  the  smallest  error  in  reading 
becomes  of  great  importance  at  these  large  angles. 

324.  Other  constructioiM. — In  order  to  obviate  the  small  errors 
of  the  single  ring  system,  when  the  ring  is  not  very  large,  two 
rings  are  occasionally  employed,  in  order  that  the  needle,  being 
suspended  between  them,  the  errors  due  to  its  motion  may  com- 
pensate each  other.  This,  however,  tends  to  introduce  another 
error  affecting  the  smaller  deflections,  and  therefore  of  more  con- 
sequence than  the  other,  which  tells  mainly  upon  the  oompa^ 
ratively  useless  large  deflections.  It  is  also  stated  that  the 
deflections  are  accurate  if  the  wire  is  wound  upon  a  section  of 
a  cone,  of  which  the  needle  forms  the  apex,  at  a  distance  of  one- 
fourth  of  the  diameter  of  the  nearest  coil  of  wire.  In  neither  of 
these  forms  is  there  any  defined  law  of  construction,  and  the 
chief  advantage  of  the  double  ring  form  is  that  the  resistance 
may  be  lower  by  dividing  the  current,  and  the  range  of  power 
regulated  by  tne  distance  of  the  rings.  It  would  seem  that 
these  forms  are  more  expensive  and  difficult  of  construction 
than  the  simple  ring,  and  that  they  have  small  advantage  over 
it,  if  the  ring  itself  is  made  of  a  width  at  least  equal  to  the 
length  of  the  needle  and  of  sufficient  diameter. 

An  approximately  correct  tangential  instrument  can  be  con- 
structed of  a  circular  sheet  of  metal,  about  twice  the  diameter 
of  the  length  of  the  needle,  especially  if  a  compound  circular 
needle  system,  §  307,  is  employed.  An  instrument  of  this 
type  is  used  in  America,  provided  with  a  system  of  flat  coils, 
such  as  are  employed  in  ordinary  galvanometers,  and  the 
excess  of  action  of  the  upper  sides  beyond  the  reverse  action  of 
the  lower  is  availed  of  to  produce  the  deflections.  The  influence 
of  such  a  system  upon  the  magnet  is  largely  influenced  by  the 
distance  between  the  needle  and  the  wires. 

325.  Thb  Sine  Oalvanometer.— In  §  313  it  is  shown  that 
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tlie  pull  of  the  earth  varies  aa  the  sine  of  the  angle  of  deflection 
from  zero,  its  full  power  being  exerted  at  90°.      The  pull  of  the 
current  is  greatest  at  0°,     Hence  in  all  galvanometers  where 
the  wire  is  fixed  in  position  the  deflective  power  weakens  as  the 
resistance  to  it  increases,  and,  therefore,  the  resultant  influence 
of  equal  increments  of  current  is  rapidly  reduced,  as  seen  §  323. 
In  the  sine  galvanometer  the  needle  is  always  in  the  line  of 
utmost  action  of  the  current,  because  the  coil  of  wire  is  made 
movable,  so  as  to  follow  the  needle  in  its  deflection.     Two  re- 
sults follow :  I.  The  current  alwa^'s  exerts  its  full  power,  and, 
therefore,  its  result  is  collated  purely  to  the  earth's  magnetism 
in  the  ratio  of  the  sines  of  the  angle,  and,  as  it  is  no  longer 
^weakened  by  the  deflection,  there  needs  no  allowance  in  the 
ratio  of  the  cosine  of  the  angle.    2.  As  the  needle  is  always  in 
the  middle  of  the  magnetic  field  of  the  wire,  and  never  alters  its 
position  in  relation  to  that  field,  any  kind  of  construction  or 
arrangement  of  the  wires  is  equally  available.    As  a  consequence 
of  this,  and  as  the  scale  of  sines  is  one  of  comparatively  small 
difl'erences,  the  measurement    of  currents,  especially  of  those 
large  in  proportion  to  the  power  of  the  particular  instrument, 
that  is,  producing  deflections 'of  over  45°,  is  more  accurately 
observed  than  with  any  other  form  of  instrument.    But  the 
actual  power  of  the  instrument  is  of  course  reduced,  because 
the  actual    deflections  of  the  needle  are  proportionately  in- 
creased, that  is  to  say,  if  the  needle  of  a  tangent  galvanometer 
moves  to  45°,  and  this  instrument  is  then  made  to  move  on 
its  centre  and  to  follow  the  needle,  the  deflection  will  become 
90°,  or  generally  the  deflections  will  be  such  that  the  value  of 
tbe  tangent  in  one  case  is  the  same  as  that  of  the  sine  in  the 
other. 

The  limit  of  use  therefore  is  reached  with  a  current  giving  80° 
or  so,  and  for  larger  currents  it  is  necessary  to  employ  shunts. 

As  the  needle  never  changes  its  position  in  the  field  of  the 
current,  and  as  long  needles  are  most  powerful,  they  may  be 
advantageously  used  in  this  case ;  but  any  mode  of  construction 
is  available,  and  any  horizontal  galvanometer  may  be  converted 
into  a  sine  galvanometer  by  placing  it  on  a  stand  movable  on 
its  oentre  and  fitted  with  an  index  traversing  a  graduated  scale, 
as  described  §  312.  All  that  is  required  is  to  place  a  stop  or  a 
small  weight  on  each  side  of  one  end  of  the  needle  or  indicator, 
BO  as  to  limit  the  motion  to  a  degree  or  two.  As  soon  as  current 
passes,  the  needle  moves  against  one  of  these  stops,  then  the 
instrument  is  moved  gradually  on  its  axis  till  the  needle 
resumes  the  normal  position  on  the  zero  line.  A  reading  is  now 
taken  of  the  degrees  of  arc  through  which  the  instrument  l^as 
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been  tamed,  and  the  current  is  proportional  to  the  sine  of  this 
reading.  A  single  actual  measure  of  the  valne,  in  any  unit,  of 
one  deflection  then  gives  the  values  of  all  reading  from  a  table 
of  sines,  but,  of  oourse,  variable  with  the  strength  of  the  eart2i*8 
magnetism. 

326.  Oboikart  Galvanometers.  —  Most  galvanometers  are 
composed  of  two  flat  coils  of  wire  placed  side  by  side,  with  a 
space  between  them  to  allow  the  needle  to  enter  the  chamber 
formed  by  the  interior  of  the  coils.  The  power  of  the 
instrument  depends  upon  the  strength  of  the  magnetic  field 
produced  by  the  wire  with  any  given  current ;  that  is  to  say, 
upon  the  number  of  turns  of  wire  which  are  eflective,  and  their 
degree  of  effectiveness.  As  to  this,  much  misapprehensioD 
exists,  and  most  electricians  would  consider  that  the  position  of 
greatest  influence  of  the  current  is  on  the  zero  line,  and  close  to 
the  needle.    But  this  is  not  the  case. 

327.  I  constructed  an  experimental  instrument  in  which  the 

Ftg.  54. 


conductor  could  be  exchanged  so  as  to  constitute  a  single  turn 
of  wire  having  vertical  distances  of  i,  i,  i,  and  2  inches  from  the 
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needle,  and  be  capable  of  sliding  horizontally  to  any  distance  from 
tlie  zero  line.  I  passed  nniform  currents  of  i  chemic  and  5*4 
ohemics  through  this,  and  noted  the  deflections  through  a  large 
range  of  positions.  For  experimental  purposes,  I  assumed  that 
the  deflections  were  of  tangential  values,  and  constructed  a 
variety  of  curves  of  action,  of  which  two  sets  are  shown,  the 
upper  curves  giving  the  action  of  the  larger  current. 

328.  It  is  evident  that  the  power  of  the  current  over  the 
needle  increases  as  it  follows  the  deflection.  As  the  wire  is 
moved  out  firom  zero,  the  deflection  increases,  as  though  the 
needle  were  being  pushed  out,  until  the  wire  is  nearly  over  the 
pole  of  the  needle.  The  figures  show  plainly  that  the  wire  is 
ineffective  beyond  a  certain  horizontal  distance,  which  is  smaller 
the  nearer  the  wire  is  to  the  needle.  The  facts  thus  seen,  the 
reason  is  obvious  if  we  consider  the  magnetic  fields  generated. 
It  is  evident  that  these  double  coils  constitute,  not  one,  but  two 
fields  overlapping  each  other,  and  the  strongest  part  of  each 
field  is  in  the  vertical  plane  of  the  middle  of  the  coil.  The 
consequence  of  this  is  Hn&t  on  the  middle  line  of  the  two  fields 
they  have  a  weaker  action  upon  the  pole  of  the  needle  than  they 
have  as  the  deflection  increases.  The  action  of  each  point  of 
the  wire  upon  the  pole  varies,  in  fact,  as  the  square  of  its 
distance.  If,  then,  we  consider  the  action  at  the  zero  lioe  as 
representing  the  distance  i,  the  effect  of  the  two  coils  will  be 
1  +  1  =  2;  but  if  the  position  is  such  as  to  halve  one  distance 
and  double  the  other,  we  have  the  sum  of  the  actions  4  -f-  '  25 
=  4*25,  double  the  first  power.  Of  course  this  is  only  a  very 
rough  mode  of  reckoning  what  could  only  be  exactly  represented 
by  an  elaborate  array  of  figures.  As  the  vertical  dutance  of  the 
wire  increases  the  overlapping  of  the  two  fields  increases,  and 
the  action  becomes  more  equal,  as  shown  in  the  line  of  2  inches. 
The  gradual  approach  of  the  lines  to  the  horizontal,  as  the 
distance  increases,  presents  to  the  eye  the  action  of  the  well- 
proportioned  tangent  galvanometer -with  large  coU  and  small 
needle,  in  which  the  line  of  current  would  be  a  true  horizontal 
line,  §  330. 

329.  It  is  evident  from  the  curves  of  action  that  no  simple 
law  can  be  formulated  showing  the  ratio  of  the  value  of 
deflections ;  yet  it  is  certain  that  a  law  does  govern  them,  but 
the  fiyrmula  must  take  into  account  the  position  of  each  single 
turn  of  wire.  But  a  line  can  be  ascertained  by  experiment, 
which  fulfils  in  these  instruments  the  function  of  the  line  of 
tangents  in  the  more  perfect  form,  this  line  being  a  curve 
varying  with  the  positions  of  the  wires.  This  (which  has  never 
before  been  described  to  my  knowledge)  is  the  plan  I  devised 
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for  calibrating  galvanometers.  By  placing  the  instrument  in 
circuit  with  a  tangent  galvanometer  graduated  in  amperes,  I 
obtain  a  series  of  corresponding  deflections  which  I  transfer  as 
radial  lines  upon  a  paper  mounted  upon  a  table  having  a  lai^e 
quadrant  drawn  upon  it,  and  fitted  with  an  arm  working  on  a 
centre  pin.  Knowing  approximately  what  the  curve  will  be,  I 
run  a  pair  of  compasses,  open  to  a  suitable  space,  over  these 
lines,  and  thus  obtain  a  curved  line  which  can  then  be  divided 
into  equal  parts,  and  which  acts  as  a  scale,  several  het  in 
length,  from  which,  by  means  of  the  radial  bar,  the  actual  dial 
of  the  galvanometer  is  easily  and  correctly  drawn.  Such  a  set 
of  curves  is  shown  in  Fig.  55. 

Fig.  55. 


330.  One  object  I  have  aimed  at  in  galvanometers  is  to  so 
construct  them  that  the  action  of  any  of  the  horizontal  sections 
should  be  equal,  and  such  that  it  should  vary  as  the  number  of 
turns  of  wire  occupying  that  section.  This  can  only  be  really 
accomplished  on  condition  that  there  is  no  central  opening,  but 
a  consideration  of  the  several  curves.  Fig.  54,  will  show  that  it 
will  be  effected  whenever  all  the  lines  representing  current 
shall  inclose  an  equal  space.  Therefore,  as  the  wire  occupying, 
say,  the  quarter-inch  section,  has  a  great  power  in  the  small 
deflections,  that  power  can  be  reduced  by  extending  the  layer 
of  wire  to  a  distance  at  which  its  power  is  small. 

Of  course  this  diminishes  the  actual  power  of  the  instrument, 
because  the  object  is  not  to  use  the  wire  so  as  to  produce  the 
utmost  effect,  but  to  obtain  a  particular  result.  In  this  way  I 
have  produced  circuits  of  i,  10,  100,  1000  turns,  which,  with 
those  resistances  in  circuit,  would  each  produce  a  deflection  of 
34°  with  a  current  from  the  same  Daniell  cell. 
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Fig.   55  shows  a  set  of  graduation  curves  obtained  for  an 
instrument  having  four  circuits,  consisting  of 

No.  4,  ..  900  turns  No.  26  cotton-covered  wire. 

3»  ••  90         »»       18          „            „ 

2,  ..  9         „       18          „   doubled. 

I,  ..  I          „        sheet  copper. 

The  whole  being  continuous,  this  gives  four  circuits  of  i,  10, 
100,  1000  turns,  so  arranged  as  to  have  approximately  equal 
actions,  and  give  reading  of  current  from  10  amperes  to  'oooi. 
In  this  instrument  there  was  a  wide  opening  in  the  middle,  and 
the  effect  is  shown  in  Curve  4,  which  is  that  of  the  circuit 
closest  to  the  needle.  Where  the  curve  rises  the  current  has 
least  power.  The  curve  shows  also  by  its  rapid  fall  beyond  50° 
that  the  layer  of  wire  does  not  extend  far  enough  away 
from  the  needle  to  equalize  the  field.  Curve  i  shows  the  effect 
of  increased  vertical  distance  in  doing  away  with  the  effect  of 
the  middle  opening,  and  also  in  utilizing  the  outer  portion  of  the 
plate  of  metal  filling  the  space  devoted  to  that  circuit.  It 
shows  clearly  that  at  a  further  distance  the  curve  would  flatten 
down  into  the  simple  tangent  line,  Fig.  52,  which  is  the  scale  of 
equal  parts  shown,  indicating  amperes  on  Curve  i,  and  the 
corresponding  decimal  submultiples  upon  the  other  curves.  It 
should  be  understood  that  an  unsatisfactory  instrument  is  here 
selected,  because  of  the  lessons  it  teaches,  and  because,  on  this 
small  scale,  good  curves  would  run  into  each  other  too  much. 

331.  It  is  a  remarkable  circumstance  that  no  electrical  text- 
book or  teacher  has  shown  that  galvanometers  can  show  the 
resistance  of  the  circuit  as  well  as  the  current  passing,  provided 
the  electromotive  force  is  known.  Yet  many  galvanometers 
have  been  made,  graduated  for  resistance,  and  the  system  was 
patented  by  me  seven  years  ago.  As  current  and  resistance  are 
linked  together  by  a  defined  law,  they  being  inverse  to  each 

E  E 

other,  as  -    £=0,  and  -   =  B,  so  also,  as  in  a  tangent  galvano* 

K-  C 

meter,  C  varies  as  (he  tangent  of  the  angle,  it  follows  that  the 
resistance  varies  as  the  co-tangent  of  the  angle.  Therefore,  as 
the  line  of  graduati(»n  for  current  originates  at  the  zero  line,  or 
at  0°,  so  also  a  true  line  of  graduation  for  resistance  originates 
at  90%  the  graduation  of  that  line  depending  on  the  EMP 
producing  the  current.  Therefore,  if  a  known  and  reproducible 
force  is  employed,  the  instrument  can  be  graduated  to  show 
resistance  in  ohms  as  well  as  cui  rent  in  amperes.  The  only  force 
at  present  available  for  the  purpose  is  that  of  the  Daniell  cell. 
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332.  8prague*s  Patent  UrUvenal  Oatvanometer.  —  TliiB  is  an 
instrument  consisting  of  several  circuits  so  following  each 
other  in  power  as  to  give  continuous  readings  over  a  great  lange, 
and  graduated  to  show  current  and  resistance  in  the  defined 
units,  and  is  constructed  to  carry  out  the  foregoing  principLes 
and  to  act  precisely  as  a  tangent  galvanometer,  but  without 
needing  calculations.  It  in  fact  combines  within  itself  a  senes 
of  instruments.* 

333.  For  convenience  of  amateurs  who  may  wish  to  constmct 
an  instrument  of  this  kind,  I  describe  a  simple  form  with  three 
circuits. 

Fig.  56  represents  a  stand  with  three  levelling  screws ;  on  it 
are  fixed  the  coils  of  the  galvanometer  and  a  commutator  for 
throwing  dififerent  lengths  of  wire  into  circuit.  The  coils  may 
be  made  in  one  frame  on  a  flat  copper  tube,  or,  as  is  usually 

Fio.  56. 


done,  in  two  parts,  one  on  each  side  of  the  needle ;  the  sides  of 
the  frames  are  secured  to  the  stand  either  by  brackets,  or  if 
made  of  wood,  by  brass  screws  passing  up  tlurou^h  the  stand. 
Even  if  made  separate,  the  two  sides  of  the  coils  should  be 
mounted  together  on  one  mandrel  for  winding,  so  as  to  distrihnte 
the  wires  equally  between  the  two.  The  chamber  within  the 
coils  in  which  the  mamet  plays  should  be  2  inches  long  and 
i  inch  deep,  and  the  frame  made  3^  inches  long  and  if  inch 

*  I  have  one  which,  commencing  with  the  current  of  a  large  Grove  giying  18 
amperes,  measures  the  whole  range  of  currents,  direct  and  without  shunts,  to 
that  passing  through  an  illuminated  vacuum  tube. 
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high,  80  as  to  form  channels  or  spaces  in  which  the  wire  will 
lie,  f  inch  wide,  and  the  same  in  depth  all  round  the  central 
chamber. 

The  laying  on  of  the  wire  must  begin  in  the  middle,  and  each 
end  must  be  connected  so  as  to  comnlete  an  exact  turn  at  the 
middle,  otherwise  the  indications  will  be  inaccurate.  First  lay 
on  90  turns  of  No.  20  cotton-covered  copper  wire,  leaving  6  inches 
out  for  oonnection :  4;  turns  on  each  side  will  bring  the  coils  back 
to  the  middle  line.  Solder  the  end  of  the  No.  20  (at  the  exact 
turn)  to  a  double  length  of  No.  18,  leaving  6  inches  of  these  out 
for  the  oonnection,  and  lay  on  nine  turns  of  one  of  these  wires 
in  each  channel,  so  as  to  divide  the  current  between  them. 
Finish  with  a  strip  of  copper  f  inch  wide  joined  to  the  18  wire, 
at  the  exact  spot  completmg  a  turn,  and  leave  the  ends  of  the 
wire  standing  out  for  connection ;  make  one  turn  of  the  strip  and 
bring  out,  on  each  side,  a  wire  soldered  to  it,  for  the  commence- 
ment of  the  coils.  This  will  give  three  circuits  with  decimal 
ratios  (nearly)  to  each  other.  The  wire  ends  are  to  be  carried 
through  the  stand,  and  led  to  the  required  points.  The  two 
outside  ends  are  taken  as  one  (dividing  the  current)  to  the 
binding  screw  -j- ;  the  next  pair  of  No.  18  representing  one  turn 
round  the  needle,  are  taken  to  i  of  the  commutator ;  the  next 
pair  are  taken  to  2,  giving  10  turns ;  the  first  end  of  No.  20  wire 
which  completes  100  turns  goes  to  3. 

334.  The  commutator  is  similar  to  the  one  used  frequently  on 
medical  coils,  a  central  pillar  connected  to  binding  screw  —  and 
a  spring  from  it  traversing  over  the  numbered  studs.  For  some 
reasons  it  is  better  to  use  mercury  cups  thus ;  a  block  of  hard 
wood  an  inch  thick  has  central  and  radial  holes  }  inch  deep  by 
i  inch  bored  in  it,  and  when  fixed  on  a  stand,  holes  are  bored 
through  just  large  enough  to  pass  a  No.  12  copper  wire,  on 
which  a  head  has  been  hammered  up.  These  heads  are  well 
amalgamated,  and  a  piece  of  wire  bent  twice  at  right  angles 
passes  from  the  central  cup  to  the  one  desired  to  be  used ;  the 
resistances  are  thus  kept  very  small,  so  that  when  used  for 
measuring  batteries,  &c.,  they  may  be  ignored  in  many  cases. 
This  is  the  form  shown  in  Fig.  56 ;  if  studs  and  a  radial  spring 
are  used,  the  positions  would  be  reversed;  or  they  mav  be 
placed  under  the  stand,  and  the  arrangement  of  the  levelling 
screws  altered.    See  also  §  308. 

All  the  connecting  wires  snould  be  kept  as  close  as  possible  to 
the  middle  line,  so  as  to  have  little  effect  of  their  own  upon  the 
needle  and  neutralize  each  other. 

The  needle  is  i|-  inch  long,  of  four  strips  of  watch-spring,  and 
may  be  fitted  with  an  indicator  and  mounted  in  either  of  the 
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ways  desoribed  §  308,  so  as  to  play  within  the  central  space;  if 
mounted  on  a  point  a  long  needle  may  be  fixed  in  a  piece  of 
brass  and  screwed  up  through  a  hole  in  the  stand  said  in  ihe 
middle  of  the  ooils,  with  its  point  somewhat  above  the  levd  of 
the  frame.  On  the  frame  is  secured  a  dial  of  cardboard,  with  an 
opening  in  the  middle  to  pass  the  needle  through,  and  a  glass 
cover  should  go  over  all. 

335.  The  graduation  can  be  effected  as  before  described,  bnt 
the  following  values  will  approximate  to  the  readings,  if  nude 
exactly  as  desoribed : — 


Chemics. 

Degrees. 

GhemioB.  Degrees. 

Chemics.  Degrees. 

GhemloB.  Degnen 

I 

II-3 

5           43 

9        58 

30         79 

2 

22 

6          47*5 

10        60 

50         83-5 

3 

31 

7          52 

15         69 

100        86*5 

4 

38 

8         55-5 

20         73 

These  figures  represent  the  indications  on  No.  i  circuit :  when 
No.  2  is  employed  they  are  to  be  divided  by  10,  and  by  100  for 
No.  3.  By  using  finer  wires  more  circuits  may  be  used,  but  the 
size  of  the  frame  must  not  be  increased,  and  the  whole  space 
must  be  filled  or  the  ratios  will  not  hold  good. 

336.  Vertical  Galvanometers. — For  many  purposes  it  is 
common  to  arrange  the  needle  in  a  vertical  plane  mounted  on  a 
central  pivot,  in  which  case  the  needle  is  double,  one  working 
inside  a  coil,  the  other  with  its  poles  reversed  working  outside. 
Such  an  instrument— which  is,  in  fact,  the  needle  telegraj^ 
instrument — has  its  uses,  but  its  indications  cannot  be  relied  on ; 
they  vary  with  the  varying  magnetism  of  the  needles,  because 
the  resistance  to  motion  is  not  the  magnetism  of  the  earth  but 
the  extra  weight  of  the  lower  parts  of  the  needles ;  the  chief 
advantage  is  uieir  instantaneous  action,  as  the  needle  does  not 
vibrate  as  in  the  horizontal  form,  and  theur  ready  visibility  from 
a  distance,  which  specially  adapts  them  for  use  as  mere  indicators 
in  a  circuit,  as  in  §  298, 

The  sensitiveness  may  be  increased  if  the  axis  of  the  needles 
is  pointed  at  the  back  so  as  to  work  in  a  cup,  by  inclining  the 
instrument,  and  so  diminishing  the  height  through  which  the 
weight  has  to  be  lifted  for  a  given  deflection.  This  form  is  fre- 
quently used  in  practical  operations,  such  as  testing  telegraphic 
wires,  from  its  portability  and  general  handiness,  and  in  such 
oases  it  is  usually  made  with  a  double  wire  so  as  to  be  employed 
as  a  differential  galvanometer.  The  construction  is  the  same  as 
that  of  horizontal  instruments,  the  difference  being  in  the  mode 
of  suspending  the  needles  and  the  mounting  in  a  case. 
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337.  Differential  Galvanometers. — ^These  may  be  made  in 
any  form  of  oonstmotion.  They  consist  of  two  exactly  similar 
wires  wound  side  by  side  throughout,  but  very  carefully  insu- 
lated fix)m  each  other:  they  must  have  exactly  the  same 
influence  upon  the  needle,  and  must  also  have  exactly  the 
same  resistance.  To  secure  the  first,  care  must  be  taken  that 
the  wires  are  equally  tightly  laid,  so  that  one  has  no  greater 
length  at  any  part  than  another.  The  wires  should  make  half 
twist  at  each  layer,  so  that  they  shall  be  alternately  the  nearest  to 
the  needle ;  if  this  precaution  is  not  taken,  and  a  needle  sus- 
pended by  a  fibre  is  used,  the  needle  is  apt  to  be  drawn  bodily 
towards  one  side,  and  to  be  deflected  in  opposite  directions 
according  to  the  side  it  is  drawn  to,  in  which  case  no  reliance 
can  be  pUced  upon  it,  as  the  least  change  of  level  will  cause  it 
to  turn  either  way  with  the  same  currents.  For  this  reason, 
probably,  differential  galvanometers  are  usually  made  with 
pivoted  needles,  thus  lowering  their  sensitiveness.  To  test 
this  equality  of  action  the  two  coils  are  to  be  connected  at  the 
one  end,  so  that  the  current  goes  by  one  and  returns  by  the 
other;  no  deflection  should  be  produced,  however  strong  the 
current.  If  any  effect  is  shown,  it  may  be  corrected  by  adding 
one  or  more  turns  of  one  wire,  or  if  this  gives  over-correction, 
then  by  unlaying  a  part  of  the  wire  having  least  influence  and 
laying  it  agam  in  its  place  somewhat  loosely  so  as  to  lengthen 
it.  The  equality  of  resistance  may  then  be  tested  by  connecting 
up  the  instrument  so  as  to  divide  a  current  between  its  two 
coils  with  reverse  action,  and  adding  wire  at  one  of  the  con- 
nections outside  the  coils  to  the  wire  having  most  effect  until 
they  exactly  balance,  or  the  resistances  may  be  equalized  by 
means  of  the  bridge,  §  407. 

A  differential  galvanometer  may  be  employed  as  a  single 
circuit  of  alterable  resistance  and  powers,  as  one  circuit  may  be 
used  alone,  or  the  two  coupled  as  one,  reducing  the  resistance 
to  half  of  that  of  a  single  circuit :  or  they  may  be  used  in  series 
with  double  the  resistance  but  double  the  action  on  the  needle, 
each  of  which  arrangements  suits  varied  conditions  of  resistance 
in  the  rest  of  the  circuit ;  such  an  instrument  is  therefore  of  use 
with  the  Wheatstone  bridge. 

338.  A  good  differential  galvanometer  enables  resistances  as 
well  as  currents  to  be  compared  on  principles  similar  to  those 
explained,  §  399.  If  the  two  coils  are  exactly  equal  as  directed, 
currents  may  be  compared  by  passing  them  in  opposite  directions. 
Two  resistances  may  be  compared  by  putting  one  in  each  circuit, 
and  then  connecting  to  one  battery  so  as  to  divide  the  current 
between  them:  if  one  is  a  resistance  to  be  measured  and  the 

Digitized  by  '^         ^   ^ 


212  XSASXrBBMBHT.  [339» 

other  a  resifitance  iBstnunent,  by  altering  the  latter  till  there 
is  no  effect  upon  the  needle  it  meafinree  the  first  resiatanob 
Multiplying  ratios  are  given  to  the  instrument  by  means  of 
shunts,  §  460.  These  are  proyided  to  one  or  both  the  circuits  in 
such  way  as  to  open  other  paths  to  the  current  and  allow  ^  or 
j^i^  of  it  only  to  pass  the  coils;  then  the  actual  reaistance 
inserted  in  the  other  circuit  has  to  be  multiplied  by  10  or  too  to 
give  the  resistance  which  it  balances. 

In  using  these  instruments,  when  the  resistance  to  be  measored 
is  equal  to  or  greater  than  that  of  one  of  the  wires,  the  reBistance 
and  rheostat  should  be  inserted  in  the  circuit  as  described :  but 
if  the  resistance  is  less,  it  is  better  to  couple  the  two  circuitB  so 
aa  to  neutralize  each  other,  and  to  use  the  rheostat  and  re- 
sistance to  be  measured,  as  shunts,  one  for  each  circuit. 

339.  Thomson's  Bsflbctor. — This  valuable  instrument  is  so 
purely  technical  in  its  uses,  and  scarcely  employed  except  ier 
delicate  telegraphic  purposes,  that  a  full  description  is  hardly 
required  here,  especially  as  it  is  rarely  likely  to  be  miade  by  any 
one  not  familiar  with  it.  It  is  usually  constructed  upon  a 
vertical  brass  plate  about  ^  inch  thick,  securely  mounted  by 
pillars  upon  an  ebonite  stand.  In  the  plate  and  upon  each  side 
of  it  are  turned  circular  recesses,  leaving  a  thickneBS  of  less 
than  ^,  the  centre  of  which  is  also  entirely  cut  away,  as  w^  as 
a  vertical  space  in  which  hangs  the  needle  system.  Four  reels, 
about  f  inch  wide  and  of  2  to  2^  inches  diameter,  of  brass  or 
ebonite,  with  a  central  tube  of  ^  inch  bore,  contain  the  wire,  and 
are  made  to  fit  into  the  recesses  of  the  plate  and  held  there 
either  by  large  headed  screws  or  by  turning  small  catches  so  as 
to  grip  the  edge  of  the  reels.  The  coils  are  connected  in  pairs, 
leaving  four  ends  which  are  connected  to  binding- screws,  so 
that  if  the  coils  are  exactly  alike  and  carefully  adjusted  they 
may  be  used  differentially,  or  at  any  rate  be  connected  variously 
as  described  §  337.  In  some  cases  also  there  are  double  wires 
used  to  make  the  mstrument  a  truly  differential  one.  According 
to  the  purposes  desired,  different  sized  wires  are  used ;  but  fine 
wire  (No.  40)  is  generally  used,  and  a  resistance  of  8000  or 
io,cxx^  ohms  laid  on. 

The  needle  system  consists  of  two  pieces  of  watch-spring 
f  inch  long,  cemented  upon  an  aluminium  wire  so  as  to  occupy 
the  middle  of  the  coil  tubes:  on  the  upper  needle  is  also 
cemented  a  mirror  made  of  a  microscopic  cover  silvered  and 
inclined  so  as  to  reflect  a  little  upwards,  and  a  slip  of  mica  is 
fixed  across  the  lower  needle  so  as  to  act  as  a  damping  vane,  and 
limit  the  play  of  the  needle.  At  the  top  of  the  supporting 
plate,  and  in  a  hole  drilled  exactly  down  the  central  line,  is  a 
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sliding  wire  witH  a  hole  in  its  lower  end  to  which  is  hooked  a 
silk  fibre  attached  to  the  aluminium  rod  of  the  needles:  this 
fibre  should  have  as  much  length  as  possible  given  it,  and  by 
slightly  raising  or  lowering  the  rod  the  needles  can  be  properly 
arranged  for  work,  or  lowered  so  as  to  take  their  weight  off  the 
fibre  when  moved  about;  this  needle  system  should  weigh 
altogether  only  3  or  4  grains.  The  mirror  is  sometimes  ms^e 
somewhat  concave,  so  as  to  concentrate  the  light  at  a  given 
focus. 

The  instrument  is  covered  with  a  cvlinder  of  glass  with  a  flat 
brass  top,  from  the  middle  of  which  rises  a  brass  rod  fitted  with 
a  tangent  screw  to  move  it  gently  round.  The  rod  carries  a 
sliding  tube  on  which  is  fixed  a  curved  magnet,  by  altering  the 
position  of  which  the  needle  is  controlled,  as  to  delicacy  by  the 
height  of  the  magnet,  and  as  to  position  by  the  line  in  which 
the  magnet  is  placed,  so  as  to  supersede  the  small  directive 
action  of  the  earth  upon  the  nearly  astatic  needle  system,  which 
is  powerfully  controlled  by  this  magnet  owing  to  its  greater 
nearness  to  the  upper  needle. 

340.  The  index  is  the  beam  of  light  reflected  by  the  mirror 
from  a  lamp  placed  behind  a  screen  2  or  more  feet  distant : 
usually  a  narrow  slit  is  provided  which  thus  sends  back  a 
narrow  line  of  light :  it  is  much  better  to  use  a  ^  inch  circular 
opening  with  a  vertical  wire  (which  should  be  a  dead  black) 
stretched  across  it:  this  reflects  a  black  line  crossing  the 
graduation,  surrounded  with  light  enough  to  enable  the  gra- 
duation to  be  observed.  The  light  is  improved  also  by  being 
placed  some  distance  back,  with  a  reflector  and  concentrating 
lens  adapted  to  the  distance  of  the  mirror,  so  as  to  get  a  bright 
spot  which  does  not  require  so  much  darkening  of  the  operating 
room. 

The  teteen  has  upon  it  a  scale  of  equal  parte  mounted  on  a  slide 
for  adjustment,  and  the  whole  is  to  be  so  arranged  that  the 
indicating  line  or  spot  is  upon  the  zero  line,  and  is  equally 
deflected  to  either  side  with  reversed  equal  currents.  The  best 
screen  is  one  of  glass  made  translucent  by  grinding  or  by  means 
of  suitable  varnish,  upon  which  the  scale  is  engraved.  This 
form  of  scale  is  placed  between  the  observer  and  the  instrument, 
and  should  have  a  framework  of  black  cloth  around  to  throw  it 
up ;  it  can  then  be  used  in  difiFused  daylight. 

The  deflections  within  the  small  limit  of  play  allowed  are 
proportional  to  the  tangent  of  the  angle  of  deflection,  and,  con- 
sequently, to  a  straight  line  divided  into  equal  parts  forming 
the  scale :  an  absolute  value  can  be  given  to  the  deflections,  as 
with  the  tangent  galvanometer,  by  ascertaining  the  value  of  one 
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deflection ;  but  thiB  value  wi]l  only  hold  for  ih^  same  distance 
of  the  scale,  which  distance  can  therefore  be  adjusted  so  as  to 
bring  the  unit  deflection  of,  say  lOO  parts,  to  some  decimal 
submultiple  of  the  ampere. 

341.  A  shunt  is  always  provided  with  the  instrument  so  as  to 
send  iV^,  Tirr*  iV*  ^^  ^^  ^^  currents  into  the  coils :  by  using 
these  as  accuracy  of  measurement  is  approached,  obserratiosA 
can  be  made  without  throwing  the  needle  about  too  violently. 
The  instrument  must  be  absolutely  steady,  and  therefore  fixed 
upon  a  brick  pillar,  or  upon  a  shelf  fixed  on  a  solid  wall,  other- 
wise the  spot  of  light  is  always  dancing  about,  and  it  is 
impossible  to  make  any  useful  observations. 

342.  German  Silver  Wire. — For  purposes  requiring  a  high 
and  constant  resistance  galvanometers  are  best  made  of  Germui 
silver  wire,  owing  to  its  small  variation  of  resistance  by  tem- 
perature. But  this  only  relates  to  external  temperature:  as 
relates  to  the  heating  effects  of  the  current  itself  German  silver 
wire  is  worse  than  copper,  and  therefore  variations  in  the  ratio 
of  shunts  will  be  greater  with  it  than  with  copper.  German 
silver  increases  its  resistance  only  about  ^  as  much  as  copper, 
but  a  wire  of  the  same  size  would  have  1 2  times  the  resistanoe, 
and  therefore  collect  in  it  12  times  as  much  heat  from  the  pass- 
ing current.  German  silver  wire  is  most  useful  in  a  galvano- 
meter intended  to  measure  electromotive  forces  by  the  process 
described  §  506,  in  which  a  high  resistance  is  needed  and  one 
uniform  in  all  experiments.  Brass  wire  may  also  be  used  for 
the  same  purposes.  But  for  all  ordinary  purposes  wire  of  the 
very  highest  conductivity  should  be  employed. 

343.  Kebistance  of  Galvanometers. — ^It  is  usually  stated  that 
the  best  conditions  for  a  galvanometer  are  that  its  resistance 
should  equal  that  of  all  the  rest  of  the  circuit.  This  like  the 
similar  statement  as  to  batteries,  is  apt  to  mislead.  Sesitianee 
as  such  has  nothing  to  do  teith  the  matter ;  it  is  always  a  disadvan- 
tage, except  for  special  purposes  as  just  noted.  But  resistance, 
in  wound-up  wires,  carries  with  it  the  number  of  turns  of  wire, 
and  consequent  power ;  therefore  in  a  given  space  for  coils  of 
wire,  that  space  should  be  occupied  by  stout  wire  in  a  circuit  of 
small  resistanoe,  because  fine  wire  would  introduce  a  useless 
resistance ;  with  a  circuit  of  large  resistance  fine  wire  must  be 
used  in  order  to  get  sufBcient  effect.  But  a  fine  wire  instrument 
can  be  utilized  by  means  of  shunts,  §  34 1  >  which  divert  part  of  the 
current  from  them,  reduce  their  sensitiveness  and  also  the 
resistance  of  the  circuit. 

344*  There  have  been  a  great  variety  of  galvanometers 
introduced  of  late  to  suit  the  growing  applications  of  electricity ; 
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such  are  those  of  Marcel  Deprez,  in  which  a  powerful  magnet  is 
used  to  inclose  the  coils  and  produce  the  magnetic  field  in  place 
of  the  earth's  magnetism.  Messrs.  Ayrton  &  Perry  have  also 
adopted  this  plan.  I  do  not  attempt  to  describe  these  instru- 
ments because  I  have  preferred  to  give  the  general  principles 
very  fully,  so  as  to  enable  students  to  make  for  themselves  such 
forms  as  suit  their  purposes  and  powers.  Particular  construc- 
tions can  generally  be  examined,  and  are  easily  understood  when 
the  principles  are  well  mastered. 

345.  Measurement  by  Chemical  Action.— Faraday  proved 
the  fact  that,  whenever  an  electric  current  passes  through  a 
compound  in  a  liquid  condition  (whether  fused  or  in  solution) 
the  substance  is  broken  up,  its  constituents  separated  into  two 
parts,  one  of  which  appears  at  the  positive,  the  other  at  the 
negative  pole.  The  laws  of  this  action  are  studied  Chapter  IX., 
under  the  name  of  Electrolysis.  This  chemical  action  is  pro- 
portional to  what  is  called  the  "  quantity "  of  electricity  cir- 
culating; hence  any  such  chemical  action  capable  of  ready 
measurement  may  be  made  the  means  of  measuring  the  galvanic 
current  which  effects  it.  The  process  commonly  used  is  the 
decomposition  of  dilute  sulphuric  acid,  usually,  but  erroneously, 
termed  the  decomposition  of  water,  because  the  constituent 
gases  of  water,  H^O,  are  set  free. 

346.  YoLTAMBTERS. — Instruments  for  this  mode  of  measure- 
ment are  thus  named.  Their  form  is  subject  to  infinite  variation, 
for  all  the  essentials  are  the  two  conductors,  an  outlet  for  the 
gases,  and  a  means  of  measuring  them,  either  separately  or 
together.  The  great  drawback  to  these  instruments  is  that  they 
not  only  present  a  considerable  resistance,  but  in  the  case  of 
gaseous  decomposition  also  create  a  counter  dectromoiive  force, 
§25 A,  which  needs  a  force  equal  to  one  Grove's  cell  to  be 
employed  solely  in  working  the  voltameter.  The  electrical 
renslance  proper  is  a  matter  of  size  of  plates,  which  must  be 
arranged  to  be  proportionate  to  the  current  they  are  intended  to 
pass :  this  cannot  be  controlled  as  in  galvanometers  by  shunts, 
because  of  the  counter  E  M  F  which  acts  as  a  variable  resistance 
in  the  cell.  For  general  use  the  plates  shoidd  be  as  large  as  is 
convenient,  and  they  should  be  platinized  to  facilitate  escape  of 
gas.  Platinum  is  used  because  it  is  not  acted  on ;  carbon  would 
answer,  but  for  its  tendency  to  absorb  the  gases ;  and  the  acti(Ai 
noticed  §  293  unfits  it  for  use  as  anode  with  currents  of  large 
density. 

347.  A  simple  form  may  be  made  from  an  ordinary  wide- 
moutked  bottle.  Two  plates  of  platinum  with  wires  attached 
are  mounted  on  the  cork  with  binding  screws  outside ;  in  the 
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middle  of  the  cork  a  glass  tube  is  fitted  to  carry  off  the  ^as  hy 
means  of  a  flexible  tube  to  a  measuring  jar :  tbe  end  of  this  tube 
should  projeQt  a  little  within  irom  the  surface  of  the  cork  and  be 
cut  off  slanting  so  as  to  resist  the  ingress  of  moisture,  and  the 
cork  should  be  boiled  in  melted  paraffin. 

If  it  is  desired  to  collect  the  two  gases  separately,  the  eork 
should  be  fitted  with  two  glass  tubes  as  large  as  it  will  admit 
and  going  nearly  to  the  bottom  of  the  bottle.  The  tubes  should 
be  left  open  at  the  bottom,  and  closed  at  the  top  with  a  cork 
fitted  as  before  with  a  gas  leading  tube  and  a  strip  of  platinum : 
these  giving  off  each  its  proper  gas  within  the  tube,  completing 
the  liquid  circuit  by  the  open  ends  dipping  in  the  liquid. 

For  experiments  with  very  small  currents,  as  with  inductiQa 
coils,  large  surfaces  are  objectionable,  as  so  much  gas  is  retained 
by  them  and  in  the  liquid :  for  such  occasions  a  wire  inclosed  in 
a  glass  tube  melted  to  it  and  exposing  only  the  end,  is  used. 
These  may  be  fixed  in  tubes  and  used  as  just  described,  or  both 
may  be  passed  through  a  cork  in  the  neck  of  a  small  bottle  with 
its  bottom  cut  off,  in  which  two  small  test  tubes  can  be  inverted 
over  the  conductors,  so  as  to  make  a  model  of  one  of  the  oommon 
forms  of  voltameter. 

348.  As  before  stated,  these  instruments  are  objectionable  on 
account  of  their  great  resistance.  It  is,  however,  quite  possible 
to  have  a  voltameter  which  shall  not  ^ve  resistance,  but  shall 
help  the  current.  A  Smee  cell  is  to  aU  intents  a  voltameter,  if 
we  collect  the  gas  given  off,  and  ascertain  how  much  of  it  is  due 
to  local  action ;  the  mode  of  effecting  this  is  described  §  181 :  a 
cell  for  this  purpose  should  be  large  enough  to  transmit  the 
current  freely,  and  its  outlet  should  be  closed  when  not  in  use, 
so  as  to  keep  the  liquid  charged  with  gas. 

3  A9.  We  have  now  to  learn  what  the  measure  of  gas  given  off 
teacnes ;  a  point  which  electrical  writers  usually  fidl  to  dear  up, 
because  they  deal  only  with  the  actual  measure  itself,  and  thus 
base  upon  it  all  sorts  of  arbitrary  units,  as,  for  instance,  Jaoobi's 
unit  of  current,  that  which  in  one  minute  generates  one  cubic 
centimetre  of  mixed  gases  at  o^  G.  and  760  mm.  barometer ;  or  a 
cubic  inch  of  gases. 

But  what  we  really  want  is  to  know  what  msoiure  of  gas 
corresponds  to  such  a  definite  system  in  weights  as  furnishes  tiie 
unit  or  **  chemic  "  current ;  to  value  the  indications  of  the  volta- 
meter as  in  §  316  those  of  galvanometers  are  valued.  By  the 
system  of  weights  the  current  is  measured  by  the  number  of 
equivalents  of  any  substance  acted  on,  ascertained  by  dividing 
the  total  weight  by  the  known  equivalent  weight.  Now  the 
system  of  measure  is  still  more  simple,  for  every  atom  of  a  simple 

Digitized  by  VjOOQIC 


351*]  VRIT  GAS  VOLUMB.  217 

substance,  or  still  more  inclasive,  every  molecule  of  any  substance, 
simple  or  compound  (with  a  few  exceptions),  occupies  in  the 
gaseous  state  the  same  Tolume,  no  matter  what  its  weight  is. 
What  we  want  is  the  relation  between  the  equivalent  weight 
and  this  molecular  Tolume. 

In  water,  HtO,  there  are  three  atoms,  all  of  equal  Tolume ; 
"but  as  to  weight,  hydrogen  being  unity  counts  2,  and  oxygen  bv 
its  atomic  weight  16,  makes  the  molecule  of  water  18,  which 
answers  to  two  electric  equiyalents.  Once  we  know  then  the 
measure  or  bulk  of  i  grain  of  hydrogen,  we  know  the  weight 
of  the  same  bulk  of  every  other  gas  of  known  constitution. 

The  best  mode  of  measuring  gases  is  by  the  metric  system 
reckoned  at  0°  G.  temperature  (fr^zing)  and  760  mm.  barometer 
(one  atmosphere)  correcting  to  actual  temperature  and  pressure ; 
but  as  exact  accuracy  is  never  attainable  in  this  particular  case, 
because  part  of  the  gases  is  absorbed,  it  is  near  enough  to  take 
the  average  condition  at  60°  Fahr.  and  30  in.  bar.,  at  which, 
according  to  Miller,  i  grain  of  hydrogen  occupies  46*73  cubic 
inches,  which  may  be  considered  the  unit  or  atomic  volume. 

Therefore,  each  unit  of  quantity  or  current  will  give  off — 
In  the  8mee  voltameter,  46*73  cubic  inches  of  hydrogen. 
In  the  double  voltameter,  46'  73  cubic  inches  of  hydrogen  in  one 

tube,  and  2  j  *  37  of  oxygen  in  the  other. 
In  the  single-tube  voltameter,  70*  i  inches  of  mixed  gases. 

A  tube  of  glass,  such  as  the  ordinary  Mohr's  alkaUmeter,  can 
easily  be  graduated  to  measure  this  off  direct:  46*73  0. 1,  s 
11797*45  fluid  grains, therefore  a  tube  containing  1179*8  grains 
divided  decimally  would  contain  one-tenth  of  a  unit,  and  require 
one  hour  to  fill  by  a  chemic  current  fix)m  a  Smee  voltameter. 

One  cubic  inch  is  equal  to  1 6*  3  87  cub.  centimetres.  Of  course 
a  coulomb  of  electricity  or  an  ampere  current  for  one  second 
being  the  chemic  x  5*68  -r  36000  is  represented  bv  cubic  inch 
•007373,  or  the  *' ampere  hour,"§  386,  by  cubic  inches  26*54  ^^ 
hydrogen. 

3^0.  As  any  one  of  the  reactions  which  take  place  in  a  gal- 
vanic circuit  will  answer  for  the  purpose,  the  best  voltameter  for 
many  purposes  is  two  plates  of  copper  in  a  coppering  solution ; 
or  a  Duiiell  with  flat  plates,  in  place  of  a  separate  cell,  will  supply 
instead  of  absorbing  energy.  The  weight  of  copper  divided  by 
31*75  gives  the  number  of  units  of  electric  action,  and  by  the 
proportion  of  time  occupied  to  the  unit  time  of  ten  hours  gives 
the  current  in  chemics.  In  this  way  the  value  of  one  or  more 
deflections  of  a  galvanometer  can  be  ascertained  and  its  graduar 
tion  effected,  instead  of  by  the  formulaa  given  §  ^23.     • 

351.  Measubsmsnt  by  Heating  Effects. — ^Whenever  current 
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passes  through  a  wire  it  meets  a  certain  resistance,  in  Cfv^* 
coming  which  equivalent  energy  is  converted  into  heat,  and  the 
current,  therefore,  is  capable  of  measurement  by  this  heat.  As 
an  illustration  of  the  erroneous  nature  of  the  older  ideas,  sndi 
as  that  heat  is  the  two  supposed  electricities,  united,  it  must  be 
understood  that  this  conversion  into  heat  of  the  energy  of  a 
galvanic  current  does  not  in  the  least  reduce  the  "  quantity  "  of 
the  electricity ;  that  is  to  say,  a  current  arising  from  the  con- 
sumption of  one  unit  of  sdnc  will  deposit  exactly  the  aame 
quantity  of  copper,  viz.  one  unit,  whether  it  passes  directly  to 
the  coppering  cell,  or  whether  a  long  fine  wire,  in  which  heat  is 
developed,  is  also  interposed  in  the  circuit;  the  only  difference 
will  be  that  it  will  take  longer  about  it.  This  is  explained  by 
the  general  principles  of  the  circuit,  §  A40. 

352.  Experiment,  has,  however,  settled  that — (i)  In  a  wire  of 
given  resistance  (ignoring  the  variation  produced  by  the  heat 
itself  in  the  wire),  equal  currents  always  generate  the  same 
amount  of  heat.  (2)  With  different  currents  the  amount  of  heat 
varies  not  in  the  ratio  of  the  currents  themselves,  but  in  the 
ratio  of  the  squares  of  the  currents ;  thus,  if  a  current  of  one 
unit  produces  in  a  given  wire  one  heat  unit,  that  is,  sufficient  to 
raise  one  pound  of  water  one  degree  in  temperature  in  a  minute 
— ^then  a  current  of  two  units  will  produce  in  the  wire  four  such 
units  of  heat. 

This  is  expressed  mathematically  H  =  (^Rt ;  to  give  the  heat 
developed  in  a  given  time  any  fixed  value,  a  constant  which  is 
the  heat  equivalent  of  the  current  in  a  unit  resistance  for  a  unit 
time  (such  as  one  second)  must  be  employed  with  the  formula; 
for  which  see  §  390. 

In  heating  wires,  it  is  to  be  remembered:  (i)  The  same 
current  will  heat  an  inch  or  a  mile  of  the  same  wire ;  the  kngik 
heated  in  any  given  conditions  is  purely  a  question  of  resistance^ 
and  the  force  employed  to  pass  the  current.  (2)  To  heat,  equally, 
thicker  wires,  the  current  must  be  increased  as  the  weight  of 
wire  per  foot  increases. 

The  arrangement  of  batteries  to  produce  these  two  effects  is 
number  in  series  for  the  first,  large  cells  for  the  second ;  and  the 
resistances  and  electromotive  forces  must  be  arranged  so  as  to 
produce  the  required  current. 

353.  Caloeimeters.-—  These  little-used  instruments  are  thermo- 
meters containing  a  platinum  wire,  through  which  the  current 
passes.  There  are  two  kinds:  (i)  an  air  thermometer — a  btdh 
with  a  fine  graduated  stem  containing  liquid;  the  platinum 
wire  croi^^es  the  bulb  :  (2^  a  vessel  containing  a  known  weight 
of  a  non-conducting  liqiud,  such  as  water  or  alcohol,  the  wire 
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I  tliTOugb  this  and  a  thermometer  shows  the  temperature 
generated,  which,  with  the  specific  heat  of  the  liquid,  gives 
the  actual  heat,  expressed  as  a  quantity.  Thus,  if  a  pound  of 
inrater  is  used,  each  degree  represents  a  unit  of  heat,  and  if  the 
resistance  of  the  wire  is  i  ohm  the  calculations  are  very  simple. 

354,  Heating  Effect  upon  Wires. — The  formula  in  §  352 
expresses  the  actual  heat  as  quantity  of  energy;  but  another 
consideration  of  moment  is  the  temperature  to  which  that 
quantity  of  heat  can  raise  a  particular  wire.  This  depends  upon 
several  considerations,  such  as  the  weight  of  metal  in  the  wire, 
and  the  specific  relation  of  the  metal  itself  to  heat  (see  §§  12, 
1^5,  and  355),  i  e.  its  specific  heat.  A  general  formula  may  be 
given,  not  reckoniog,  nowever,  the  heat  lost  by  radiation  and 
conduction,  §  489. 

C   s  Current  in  amperes. 
B   =  Besistance  of  wire  in  ohms. 
W  =  Weight  of  wire  in  grammes,  see  §  356. 
9    =  Specific  heat  of  metal. 

H  =  Bise  of  temperature  per  second  in  degrees  Centigrade. 
*  24065  =  Calories  equivalent  to  ampere,  see  §  390. 
Then 

—  -24065   X   C*   X    B  65-99  C^B  ^  T^  TJ1    V 

^  =  -Hnr. '    "'    W  (gains)  =  CoPP«I>«g-Fahr. 

355.  The  specific  heat  of  metals  increases  as  they  approach  the 
temperature  of  fusion ;  and,  therefore,  platinum  varies  less  than 
other  metals*  The  following  figures  are  the  average  between 
o*'  and  300°  C. 


Specific  heat« 

Melting  point. 

Specific  gravity, 

Copper    .. 

..       -1013 

IO91     , 

8-9 

Iron 

..       *I2l8 

1805  1 

7-8 

Silver      .. 

.       -0611 

1023    & 

io'5 

Platinum 

•       '0355 

2100  '^ 
412  ^ 

620J 

33-I 

Zinc 

..       '10x5 

6-9 

Lead 
Graphite 

..       '0314 
•2018 

11-4 
1-6 

The  tpecific  heat  of  alloys  is  the  mean  of  that  of  their  compo- 
nents, and  is  ascertained  by  multiplying  each  specific  heat  by 
the  percentage  of  the  metal  and  dividing  the  sum  of  the  whole 
by  100.  This  only  holds  good  at  a  distance  from  the  melting 
points,  which  are  usually  not  the  mean  of  the  constituents,  but 
lower ;  and  it  is  doubtful  if  it  applies  to  those  alloys  which,  like 
German  silver,  differ  in  resistance  greatly  from  that  of  the  means. 

356.  The  effects  may  be  compared  upon  the  system  of  English 
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weights  and  units  used  in  these  pages,  by  taking,  as  the  Heat 
equivalent,  the  grain  instead  of  the  pound  of  water.  Then  the 
worth  of  the  ampere  current  is  6*  6855  such  grain  degrees  Fifltr., 
and  that  of  the  chemic  (5*68)*  =  '20722  per  second,  which 
figures  maybe  used  in  the  above  formulas  to  replace  -24065, 
the  weight  being  expressed  in  grains  instead  of  grammes. 

The  length  in  feet  of  a  wire  weighing  i  grain  per  foot, 
which  gives  i  ohm  resistance,  is  of  course  the  weight  in  grains, 
and  is  for  copper  4*845  and  for  platinum  '2828,  and  in  these 
different  lengths  or  weights  equal  actwd  heat  is  produced ;  but  it 
will  be  found,  when  the  specific  heat  is  taken  into  account,  that 
very  different  temperatures  result. 

If  we  multiply  the  unit  heat  of  current  6*6855  by  the  red- 
procal  of  the  specific  heat  (that  is  i  -7-  specific  heat),  we  get  the 
number  of  grams  of  the  metal  that  imit  heat  would  raise  i*'  Fahr., 
and  dividing  this  by  the  length  of  the  grain-foot  ohm  unit  wire, 
we  get  the  actual  rise  of  temperature  produced  in  that  wire  for 
an  ampere  current  as  14* 5®  for  copper  and  730°  for  platinum; 
that  is,  a  current  whicn  would  only  warm  a  grain-foot  copper 
wire  slightly  would  raise  a  similar  platinum  wire  to  a  red  heat« 
Further  information  will  be  found,  chap,  vii.,  on  resistance. 

357.  In  an  experiment  with  such  a  platinum  wire,  I  obtained 
the  curious  result  that  the  loss  of  heat  and  gain  so  balanced 
each  other  that  the  actual  temperature  maintained  by  the  current 
closely  corresponded  with  the  calculated  rise :  but  of  course,  the 
coincidence  noted  was  accidental,  and  only  holds  for  very  fine 
wires. 

Heat  of  Wires. 


Heat  obserred  =s  to  Degrees  Fahr. 


I.  Ampke  current     

'.Faintred {;^J 

J-Ohenyred      {\^] 

_  /2000I 

4-Oa.ne^ |„ooJ 

5.  White      {\]^^) 

6.  Fosed about  3700 


Current  In 
chemics. 


5-68 

7* 

8- 

9-5 
10*7 

12-6 


CklcaUted 
heat. 


730 
1 109 

1473 
2041 

2585 
2847 


The  last  line  of  the  experiments  illustrates  the  fact  that  the 
breaking  of  a  wire  by  the  galvanic  current  is  npj;  due  to  pure 
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fasion,  but  oocnrs  at  a  lower  temperature.  The  effect  is  partly 
analogous  to  the  destruotive  effects  of  lightning.  The  fusing 
point  is,  in  fact,  that  point  at  which  the  vibratory  molecular 
motion  of  heat,  §  32,  just  OYercomes  the  molecular  attraction  of 
cohesion ;  but,  if  electric  transmission  also  inyolves  a  motion  or 
revolution  of  the  molecules,  it  is  obvious  that  this  efiect  must 
be  added  to  that  of  heat,  and  destroy  the  cohesion  at  a  lower 
temperature. 

358.  GouLOHB-MErsRS. — This  is  a  new  class  of  measuring 
instrument  called  into  existence  by  the  probability  of  the 
distribution  of  electricity  from  central  sources.  They  are 
registers  of  the  quantity  of  electricity  which  may  have  passed 
through  a  circuit  in  a  given  time,  acting  in  feet  like  the  ga&- 
meter.    They  are  divisible  into  two  sections. 

359.  Magnetic. — ^In  these  the  action  of  the  current  in  gener* 
ating  electro-magnets  is  brought  into  play  in  a  variety  of  modes. 
In  some,  such  as  those  of  Lane  Fox  and  Boys,  a  wheel  is 
caused  to  traverse  along  a  rotating  cone  which  gives  it  motion 
by  friction  at  a  varying  rate,  according  to  its  position  on  the 
cone,  which  position  is  controlled  by  the  electro-magnet ;  this 
var3ring  motion  of  rotation  is  communicated  to  a  recording 
train.  In  others  an  electric  motor  driven  by  the  current  is 
checked  by  a  resistance,  such  as  expanding  vanes.  Of  these  a 
simple  typical  form  is  Hopkinson's,  in  which  the  motion  is 
resisted  by  an  ordinary  centrifugal  governor,  which  offers  a 
resistance  proportioned  to  the  square  of  the  rate  of  rotation, 
and  so  tends  to  cause  the  actual  rate  of  rotation  to  correspond 
with  that  of  current  passing. 

In  some  cases,  by  combining  a  dock  or  other  means,  the 
quantity  of  eriergy  instead  of  decirieity  ifl  recorded.  But  all 
these  instruments  are  out  of  the  scope  of  this  work. 

360.  Chemical. — These  are  of  two  forms.  Mr,  Edison  passes 
a  portion  of  the  current,  by  means  of  a  shunt,  into  an  electro* 
lytic  cell,  preferably  plates  of  amalgamated  zinc  in  sulphate  of 
zinc,  and  at  suitable  intervals  removes  and  weighs  one  of  these 
plates,  calculating  therefrom,  by  the  deposit  of  zinc  and  the 
shunt  ratio,  the  quantity  of  electricity  which  has  passed  the 
circuit  in  the  interval.  This  is  of  course  simply  the  process 
described  §  350  and  lon^  ago  employed  by  electricians  for 
experimental  operations :  it  cannot  properly  be  called  a  meter, 
because  it  gives  no  indications ;  but  Mr.  £dison  uses  two  ccUb 
with  different  shunt  ratios,  so  that  the  weighing  of  one  may 
serve  as  a  check  upon  the  other. 

361.  In  a  patent  dated  2:$nd  November,  1878, 1  described  a 
meter  which  I  had  devised  several  years  before,  based  upon  the 
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deposit  of  metal,  such  as  copper  in  sulphate  of  copper,  and  said, 
'*I  use  two  plates  of  the  metal,  and  cause  each  to  become 
alternately  the  anode  when  the  other  plate  has  lost  so  mudi 
weight  as  represents  the  unit  of  current  employed,  under  well- 
understood  laws ;  and  I  cause  this  change  of  direction  in  the 
current  to  be  effected  by  the  weight  of  metal  passed  £rom  one 
plate  to  the  other."  I  described  the  plates  as  ''  supported  b^ 
spiral  springs,  or  in  any  equivalent  manner  which  will  permit 
them  to  descend  and  rise  according  to  their  relative  weights."  I 
showed  electro-magnets,  with  a  rocking  armature  between  them, 
drawn  over  to  either  side,  according  to  which  magnet  was  in 
action,  and  these  magnets  set  in  action  when  the  descent  of  one 
of  the  plates  closed  a  contact  fixed  at  the  proper  point,  and  said, 
"  these  points  and  the  armature  therefore  constitute  a  renermng 
commutator^  and  other  modes  of  effecting  the  purpose  may  be 
used : "  then  "  the  motion  of  the  armature  is  caused  to  move  a 
ratchet  wheel  one  tooth,  and  by  this  means  to  record,  in  well- 
understood  manner,  the  number  of  reversals  of  curren^  each  of 
which  represents  a  definite  quantity  of  electricity  passing."  I 
described  the  use  of  shimts  to  send  a  definite  part  of  the  current 
into  the  cell,  and  said, ''  the  essential  point  of  this  part  of  my 
invention  is  the  production  of  motion  in  a  set  of  wheels  by  the 
agency  of  plates  of  metal  alternately  dissolved  and  deposited 
on." 

362.  On  the  27th  October,  1880,  Mr.  Edison  patented  what 
he  called  his  Webermeter,  which  was  described  by  Count  du 
Moncel  in  the  Lumi^  Electrique,  as  very  ingenious  and  the 
most  interesting  of  the  accessories  of  his  exhibit  at  the  Paris 
Exhibition  of  1881.  This  instrument,  according  to  the  spedfi- 
oation,  ''  consists  broadly  speaking,  in  using  balanced  plates  in  a 
depositing  cell,  so  arranged  in  connection  with  other  devices 
that  the  deposition  of  metal  causes  an  overbalancing,  which 
sets  in  operation  registering  devices  and  devices  reversing  the 
circuit  through  the  cell ; "  further,  ^  instead  of  a  balance  arm 
from  which  the  plates  are  suspended,  a  spring  balance  may  be 
used,  the  plate  as  it  becomes  loaded  acting  on  a  spring  to  make 
the  necessary  circuit  connections  at  the  predetermined  point." 
The  essential  claims  are:  ^(i)  An  electro  depositing  cell  in 
which  each  plate  becomes  alternately  anode  and  cathode.  (5) 
The  combination  of  a  decomposing  cell,  balanced  polar  plates 
therein,  and  registering  apparatus,  and  means  for  reversing  the 
direction  of  the  current  through  the  cell,  the  register  and 
reverser  being  controlled  by  the  overloading  of  either  plate." 

363.  The  only  difference  between  the  two  is  that  Mr.  Edison 
nrefers  to  cause  the  reverser  to  be  actuated  mechanically  by  the 
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actual  weight  of  metal,  tipping  over  a  lever,  while  I  prefer  to 
effect  this  reversal  by  a  momentary  current  through  the  electro- 
magnets. In  a  paper  read  by  Mr.  Shoolbred  before  the  Society 
of  Telegraphic  Engineers,  22nd  February,  1883,  he  suggests  that 
*Hhe  mechanical  operations  involved  in  the  reversals  of  the 
current  and  in  their  registration,  absorb  a  large  amount  of 
power."  Whatever  may  be  the  case  in  the  Wel^rmeter,  it  is 
pretty  certain  that  a  current  working  a  small  electro-ma^et 
for  possibly  one  second  per  hour  can  bear  but  an  infinitesimal 
ratio  to  the  real  work  of  the  current. 

364.  In  later  improvements  I  have  entirely  done  away  with 
all  supporting  agency,  using  a  single  electrode  floating  in  the 
liquid,  and  actuating  the  moving  parts  at  its  limit  of  descent 
and  rise.  I  have  aLso  arranged  it  to  actuate  other  apparatus, 
such  as  cutting  off  the  current  or  ringing  an  alarm  when  a  defi- 
nite quantity  has  passed,  as  in  charging  a  secondary  battery, 
or  depositing  say  an  ounce  of  gold  on  a  surface ;  and  I  have 
also  applied  the  generation  of  gases  and  other  electrolytic 
actions  to  purposes  of  measurement :  but  their  description  would 
take  up  space  to  be  more  usefully  occupied. 

365.  Pbingifles  of  Measurement. — ^Measurement  really  means 
ascertaining  how  many  times  a  fixed  unit  is  contained  in  the 
thing  to  1^  measured.  Originally  no  doubt  some  familiar 
object  was  taken  as  the  unit,  such  as  the  average  barley-corn, 
or  some  recognized  ''  stone,"  and  these  arbitrary  weights,  &c., 
naturally  grew  up  to  larger  ones  by  the  process  of  doubling, 
and  hence  was  gradually  generated  the  present  system  of 
weights  and  measures.  The  intolerable  burden  of  the  calcula- 
tions these  inflict  upon  commerce  must  idtimately  induce  even 
**  practical  *'  England  to  get  rid  of  them,  as  the  more  scientific 
and  generaUzing  French  mind  has  long  ago. 

Exactly  the  same  process  has  been  followed  in  scientific 
matters ;  before  the  whole  aspect  of  science  had  burst  upon 
the  mind  of  man,  the  more  salient  phenomena  of  each  branch  of 
knowledge  were  first  observed;  subsequent  observations  were 
referred  to  and  compared  with  these,  and  thus  grew  up  a  set  of 
merely  *'  practical "  systems  of  measurement  based  upon  isolated 
fJEkcts,  and  even  worse,  expressed  in  the  confusing  system  of 
common  weights  and  measures.  Hence,  in  electricity  we  have 
such  measures  of  action  as  that  referred  to  in  §  349,  and  many 
similar  ones,  all  based  on  isolated  facts.  As  electricity  assumed 
the  state  of  an  exact  science,  and  was  brought  into  subjection 
to  mathematics,  the  evils  of  this  system  became  so  intolerable 
that  an  effort  was  made  to  remedy  the  nuisance,  and  an  organized 
system  of  electrical  measurement  was  devised  by  a  committee 
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of  the  British  Association  and  generally  accepted.  At  the 
Paris  Exhibition  of  1881  this  system  was  discnssed  by  an  inter- 
national committee  and,  after  some  changes  in  the  names  of 
the  units  and  the  addition  of  some  farther  nnits,  was  aooepied 
as  the  international  system  of  electric  measurement. 

366.  Unfortunately  this  system,  perfect  as  it  is  in  itself, 
retains  the  original  defect  of  being  based  upon  a  merely  arbi- 
trary and  accidental  unit,  the  metre,  nominally  a  fraction  of 
the  circumference  of  the  earth,  instead  of  seeking  a  truly 
scientific  starting-point.  This  evil,  which  very  few  people 
even  yet  compr^end,  is  analogous  to  the  errors  of  the  old 
astronomy :  it  looked  at  the  universe  from  the  earth,  and  tried 
to  bring  all  the  observed  motions  into  a  system  subordinate  to 
the  earth ;  hence  inextricable  confusion.  As  soon  as  man 
adopted  nature's  centre  and  looked  at  the  universe  from  the 
sun,  all  confusion  disappeared,  and  perfect  harmony  and  sim- 
plicity were  at  once  presented  to  the  observer.  Exactly  so  with 
every  other  science.  When  we  want  to  weigh  and  measure 
nature,  her  forces  and  works,  we  ought  to  take  for  our  units 
measures  which  nature  herself  uses.  Of  all  the  sciences,  however, 
chemistry  alone  does  this,  and  in  consequence  has  made  the 
most  rapid  progress,  since  this  plan,  otherwise  known  as  the 
atomic  theory,  has  been  employed;  for  what  is  the  atomic 
theory  but  the  substitution  for  the  incomprehensible  and  un- 
meaning relations  of  pounds  weight  or  pint  measures  of  matter, 
of  the  idea  of  nature's  unit^  the  atom  of  matter  wWunU  reference  to 
weight  or  size,  except  when  these  are  required  for  practical  pur- 
poses, and  then  ascertaining  the  weight  of  each  form  of  matter 
which  nature  has  put  into  her  unit  of  each  element?  More 
advanced  chemistry  has  foimd  that  gaseous  volume,  rather  than 
weight,  furnishes  the  best  starting-point  for  the  atomic  system. 
Now  volume  and  weight  are  related  to  each  other  in  the  metric 
system,  but  again  by  the  purely  arbitrary  (though  praetioaUy 
convenient)  intermediary  of  water:  but  water  volume  has  no 
relation  to  the  natural  atomic  system,  while  the  volume  of 
gaseous  hydrogen  has,  and  this  relation  would  have  furnished 
us,  after  some  trouble  in  defining  it,  with  a  perfect  system  of 
universal  measurement. 

That  brilliant  chemist  A.  W.  Hoffman  saw  the  value  of  such 
a  relation  in  chemistry,  and  proposed  as  unit  the  crith^  one  litre 
or  cubic  decimetre  of  hydrogen  at  0°  G.  and  760  mm.  pressure, 
weighing  '0096  of  gramme.  Either  this  or  the  cubic  metre, 
89*  6  grammes,  would  furnish  a  true  natural  starting-point  for  a 
general  system :  as  pure  gases  double  their  volume  with  a  fixed 
quantity  of  heat,  this  quantity  would  be  the  heat  imit ;  as  in 
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doubling  Tolome  the  weight  of  the  atmosphere  is  lifted,  that 
weight  would  be  the  work  unit ;  as  the  same  quantity  of  heat 
wotdd  raise  the  gas  to  a  certain  temperature,  if  it  was  prevented 
from  expanding,  it  would  give  us  a  scale  of  temperature  ^if 
desired,  one  starting  from  absolute  zero) ;  and  thus  we  should 
have  the  natural  relation  of  heat  and  work  in  one  unit,  related 
also  to  the  energy  absorbed  in  chemical  and  molecular  changes. 
But  beautiful  as  this  system  would  be,  it  is  now  unattainable, 
and  we  must  make  the  best  of  the  system  at  our  disposal :  it 
should  however  be  understood  that  it  is  this  fundamental  defect 
of  the  accepted  system  which  has  compelled  me  to  use  mj  own 
or  the  "chemio"  unit  in  this  work  wherever  I  have  desired  to 
make  the  natural  relations  of  electricity  intelligible.  I  have 
not  retained  that  unit  for  any  fanciful  reason,  or  because  it  is 
my  own,  but  simply  because  I  could  not  exchange  it  for  the 
ampere  without  wholly  destroying  the  special  feature  of  this 
book,  viz.  the  treating  electriciiy  as  a  natural  force  connected  to 
the  equivalent,  molecular,  and  atomic  constitution  of  matter, 
instead  of  a  purely  artificial  ofispring  of  algebraic  symbols.*  It 
may  be  clearly  recognized  that  the  accepted  system  is  also  a 
natural  one,  in  this  sense,  that  it  is  based  upon  energy y  while  it 
ignores  matter  and  its  constitution:  energy  can  be  measured 
by  any  arbitrary  units  of  mass,  space,  and  time ;  the  misfortune 
is  that  the  unit  of  mass  is  not  an  atomic  unit,  and  consequently 
the  derived  unit  of  electric  quantity  and  current  is  not  cor- 
related to  the  chemical  system  of  nature,  except  by  a  fractional 
value,  as  shown  §  386. 

367.  The  B.A.  System. — This  may  be  studied  on  two  dis- 
tinct plans,  the  GteoreHoal  and  the  practical ;  the  latter  being 
derived  from  the  first.  It  is  of  great  importance  to  clearly 
understand  both,  and  their  relations,  but  they  actually  con- 
stitute two  wholly  distinct  systems,  and  many  people  can 
clearly  understand  and  employ  the  practical  system  who  find 
the  theoretical  one  wholly  beyond  their  comprehension.  I 
shall  therefore  endeavour  to  so  present  the  subject  as  to  keep 
the  two  systems  distinct,  while  exhibiting  their  relations.  The 
mathematical  expression  of  the  phenomena  of  electricity  known 
as  Ohm's  law,  is  now  universally  accepted,  and  thoroughly 

*  The  same  remark  applies  to  mj  nse  of  the  equwdi  nnit  of  energy.  It  is 
sot  likely  that  either  of  these  nnits  will  be  actually  employed  in  place  of  the 
ampere  and  joulad ;  but  they  serve  a  purpose  these  cannot  folfil,  and  they  at 
least  give  us  **con8tants  "  for  converting  the  ordinary  units  into  electrolvtic  work. 
Indeed,  it  is  probable  that  corresponding  units  for  this  very  purpose  will  have  yet 
to  be  sudded  to  the  B.A.  system,  but  if  so,  such  new  units  would,  of  course,  be  based 
upoa  the  gramme  weight  instead  of  upon  a  grain  system. 
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aatisfactory ;  it  is  entirely  independent  of  any  theory  whAteYer 
as  to  the  nature  of  electricity,  hut  merely  expresaes  the  ooa- 
ditions  of  the  observed  facts;  and  to  do  this  embodies  them 
under  certain  heads.  The  fandamental  idea  is  that  a/oroe^beit 
what  it  may,  produces  the  observed  effects ;  this  force  is  cchh 
oemed  in  aU  operations  of  mechanics,  &a,  and  in  electricity  ia 
represented  by  "attraction"  §  74.  Its  necessary  first  con- 
sequence is  a  pressure  or  pull,  tension,  §  75,  and  a  temdenqf  la 
action  called  *'  Potential,"  §  76,  which  in  dynamic  electricity 
becomes  "  Electromotive  force,"  §  168,  which  is  symbolised  in 
Ohm's  formtdso  by  E.  This  is  opposed  by  the  various  cir- 
cumstances, molecular  construction  of  the  substances,  insiala- 
tion,  &o.,  all  of  which  are  embodied  in  the  general  term  ''ie> 
sistance,"  symbolized  by  R,  §  169,  which  again  simply  expresses 
a  &ct,  but  no  theory  whatever.  The  result  is  action  measured 
by  the  relation  of  these  two,  and  called  "  quantity,"  Q ;  and 
when  time  is  taken  into  consideration  it  becomes  *' currant," 
or  quantity  in  a  given  time,  symbolized  by  C.  This  is  veiy 
commonly  called  "  intensity  of  current,"  and  symbolized  by  I ; 
this  mongrel  term,  derived  from  the  translators  of  the  French 
phrase  "  intensity  de  courant,"  strength  or  amount  of  current, 
leads  to  great  confusion  of  ideas,  bcMoausp  intensity  has  in  the 
earlier  English  books  a  distinct  meaning  which  corresponds  to 
E  M  F,  and  has  no  connection  with  current  or  quantity.  The 
object  of  tiie  B.A.  system  is  to  furnish  a  defined  unit  for  eacdi 
of  these  mathematical  expressions,  so  that  all  the  actions  of 
electricity  may  be  capable  of  exact  definition  and  comparisoia 
vdth  mechanic^  work. 

368.  Absolute  Units.— A  system  of  absolute  units  is  one 
which  does  not  consist  of  arbitrary,  independent  measures,  but 
is  based  upon  measures  which  are  common  to  all  kinds  of 
operations ;  upon  the  fandamental  elements,  time,  length,  mass* 
&o.,  which  enter  into  all  physical  operations.  Any  units 
might  be  used,  such  as  the  foot,  pound,  second,  and  for  many 
purposes  these  are  very  convenient  and  have  to  be  used ;  but 
for  systematic  purposes  the  necessity  of  the  case  limits  us  to 
some  form  of  the  "metric"  system,  which  must  inevitably 
supersede  in  time  all  other  systems  of  measurement,  even 
though  these  latter  may  be  proved  to  have  points  of  superiority. 

369.  Fundamental  Units. — Before  entering  on  the  electric 
measures,  it  is  necessary  to  understand  the  general  system  of 
which  they  are  a  branch.  The  fandamental  elements,  of  whidb 
unit  measures  are  required,  are  Length,  Time,  and  Mass ;  of  the 
first,  two  units  are  employed,  the  metre  and  the  centimetre. 
The  first  has  many  advantages,  but  the  second  is  being  forced 
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into  nse  by  the  matLematidans,  on  th^  ground  that  the  cubic 
centimetre  of  water  famishes  the  unit  v^eight,  the  gramme.  As 
it  has  been  fully  developed,  and  its  units  have  received  definite 
names,  the  centimetre  system  will  be  used  here.  Its  fdnda- 
mental  units  are : — 

L,  Length     ..      ..     i  Centimetre. 
My  Mass         ..      «•     I  Gramme. 
T,  Time         ••      ••     i  Second. 

from  which  it  is  called  the  centimetre-gramme-second,  or  C.G.S. 

370.  Debited  Units. — ^From  these  are  derived  the  general 
medianical  units :  of  motion,  which  is  length  traversed  in  unit 
time ;  velocity,  which  is  motion  in  unit  time ;  momentum,  which 
18  mass  having  unit  velocity;  force,  which  is  a  general  ex- 
pression for  any  cause  which  generates  velocity,  but  for 
systematic  purposes  is  defined  as  the  cause  of  *'  momentum " ; 
and  work,  whi^  is  the  energy  due  to  the  action  of  the  force. 

371.  Gravitation  is  the  only  absolute  natural  force,  and  as  it 
is  constant  in  its  operation,  it  generates  not  only  a  *'  velocity," 
but  also  *'  acceleration,"  that  is  to  say,  the  moving  body,  retaining 
at  each  instant  its  acquired  velocity,  adds  to  this  tne  growing 
velocity  due  to  the  force;  but  in  dealing  with  the  energy 
involved,  the  actual  velocity  at  a  given  instant  only  is  con- 
sidered ;  regarded  as  a  force  in  the  abstract,  gravity,  ^,  imparts 
a  velocity  of  32  •  2  feet,  or  98 1  centimetres  per  second.  Eegarded 
as  a  unit  force,  it  generates  this  velocity  in  a  mass  of  one 
gramme.    See  also  §  43 1. 

372.  Hence  we  have  the  following  units : — 

Unit  Talne.  Name. 

V,    Velocity    L  ^  T  ..    i  centimetre  per  second    — 

F,    Force         L  x  M  -r  T»  ..   ditto  in  i  gramme        ..   Dyne. 

W,  j^ork^l  !-»  X  M^T*  ..   I  dyne  in  i  centimetre..  Erg. 

We  see  here  the  connection  and  the  distinction  between  Force 
and  Energy.  Force  is  measured  by  the  velocity  it  sets  up,  the 
momentum  generated,  therefore  by  length,  L.  Energy  is  measured 
by  the  square  of  the  velocity y  the  vis  viva,  therefore  by  L*.  But 
while  umit  force  and  wnU  energy  are  the  same  value  (one  cause, 
the  other  efiect,  each  equal  to  each),  force  and  momentum 
increase  in  the  ratio  of  velocity  or  L,  while  energy  or  vis  viva 
increase  in  the  ratio  of  the  square  of  velocity  or  L*,  which  means 
the  arithmetical  product,  not  the  square,  in  the  sense  of  ''  area." 
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373.  Gravitatioh. — ^To  understand  these  values  it  will  he  well 
to  compare  them  with  the  fiamiliar  terms  based  on  gravity.  The 
force  of  gravitation  (upon  the  earth)  varies  according  to  the 
distance  nrom  the  centre  of  the  *^  mass  "  of  the  earth ;  at  ihe 
equator  it  is  978*10,  at  latitude  45°  it  is  980*61,  at  the  poles 
083  *  1 1 ,  these  Doing  velocities  in  centimetres.  Taking  the  value 
m  England  as  981,  the  force  of  gravity  equals  981  dynes,  or  C.6.3i 
units  of  force.  The  actual  force  of  gravity  at  any  part  of  the 
earth  is  ascertained  by  the  following  formula:  g  =  978*1038 
X  cosine  2\  —  *  000003 A,  in  which  X  denotes  the  latitude  aiid  i  ibs 
height  in  centimetres  of  the  place  above  sea-level. 
.  374.  The  erg  may,  therefore,  be  compared  with  the  oommon 
mechanical  unit  of  work,  the  foot-pound,  because  the  fL-Ib.  is  the 
same  thing  as  138*25  gramme-metres,  or  expressed  in  C.G& 
system  as  13825  centigramme-metres;  then,  if  we  take  gravity, 
g,  as  equal  to  981  dynes  in  this  system,  we  find  that  the  ordinaxy 
ft-lb.  18  equal  to  I3,564.,325  ergs.  Such  a  figure  shows  at  once 
that  this  system  is  roally  adapted  only  to  minute  measurements. 
To  get  rid  of  the  numerous  figures  involved,  a  simple  system  of 
writing  is  adopted,  and  the  above  figures  would  be  written  a« 
1*356  X  10^  or  1356  X  10^  and  most  of  the  calculations  involved 
are  thus  reduced  to  the  alteration  of  the  index  figures. 

375.  This  system  is  becoming  so  increasingly  common  in 
electrical  and  scientific  works  generally,  that  it  may  be  well  to 
explain  it.  The  index,  as  in  logarithms,  may  be  posiUoef 
signifying  the  *'  power  " — that  is,  the  number  of  tens  by  which 
the  figure  is  to  be  multiplied,  or  negative,  signifying  the  number 
of  tens  by  which  it  is  to  be  divided ;  thus  the  negative  index 
written  with  a  dash  represents  a  deetmal  fraction.  Thus  we 
hav&— 

I  X  lo*    =   1,000,000,  a  million 
I  X  10^    =   1,000         a  thousand 
I  X  10*     =   100  a  hundred 

I  X  io"»  =  'Oi  a  hundredth 

I  X  10-*  =  *ooo,ooi     a  millionth 

In  fact,  the  positive  index,  as  in  logarithms,  is  one  less  than  the 
figures  representing  the  number;  but  the  negative  index,  unlike 
the  logarithmic,  is  the  number  of  figures  representing  the 
decimal  when  written  out. 

376.  In  speaking  or  naming  these  values,  we  are  burdened 
with  a  barbarous  nomenclature ;  thus,  a  million  ergs  is  called  a 
megerg  or  an  erg-six,  and  ten  million  an  erg-ten,  and  so  0D« 
adding  the  index  number  to  the  name  of  the  unit.  Further- 
more, in  electricity,  we  have  the  generally  adopted  prefixes  of 
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mega,  signifying  a  million,  as  the  megarvolt  or  meg-ohm ;  and 
micro  signifying  a  millionth,  as  the  micro-£&rad,  besides  the 
ordinary  prefixes  of  the  metric  system  of  measures. 

377.  It  is  a  serious  inoonvenience  that  the  fJEUicifulness  of  the 
matnematioians  has  led  them  to  adopt  the  centimetre  instead 
of  the  metre  as  the  basis  of  the  unitanr  system.  English  men 
of  science  have  gradually  accustomed  themselyes  to  the  metric 
measures  and  the  various  units  based  upon  it,  and  students 
begin  to  understand  what  is  meant  by  a  gramme-metre  as  the 
unit  of  work,  and  the  calory  as  the  unit  of  heat,  and  now  they 
are  being  puzzled  afresh  by  a  new  system.  But,  as  our  writers 
are  chiefly  these  mathematicians,  and  they  are  the  teachers  in 
the  schools,  they  have  it  in  their  power  to  force  people  to  submit. 
It  would  be  of  little  consequence  if  (as  many  at  first  sight 
suppose)  it  only  meant  the  adding  of  lOO  to  all  values  as  the 
residt  of  using  the  centimetre  (or  one-hundredth  of  metre)  in 
place  of  the  familiar  metre  itself.  But  this  is  not  the  case ;  as 
energy,  or  work,  varies  as  the  square  of  the  force,  therefore,  unit 
force  or  velocity  on  the  metre-gramme-second  system  means  lOO 
times  the  unit  force  on  the  centimetre-gramme-second  (C.G.S.) 
system ;  but  unit  energy  is,  consequently,  in  the  metre  system, 
IOO^  that  is,  io,ocx>-fold  in  value  the  unit  energy  of  the  O.G.B. 
system. 

378.  Electrical  Units. — In  all  measurements  it  is  necessary 
to  have  a  separate  starting-point  or  **  unit "  for  each  order  of 
things  or  conceptions,  though  these  units  may  be  derivable  from 
the  few  fundamental  units — ^thus,  from  the  unit  length,  i  centi- 
metre (or  metre,  or  foot,  as  may  be),  we  derive  unit  area,  the 
square  centimetre,  &c.,  and  from  this  again,  unit  volume,  the 
cubic  centimetre,  &c.  In  like  manner,  each  separate  conception 
or  order  of  foots  in  electricity  requires  to  have  a  unit  of  its  own, 
and  the  system  is  similar  to  that  of  the  mechanical  units  which 
have  so  far  engaged  attention.  Here,  also,  we  start  from  a 
**  force  "  generating  a  velocity.  We  can  now  replace  the  attrac- 
tion of  gravitation  by  two  distinct  attractions  of  electricity.  We 
have  the  force  exerted  by  an  electric  '*  charge,"  §  74,  from  which 
is  derived  an  electrostatic  system  of  units;  and  we  have  the 
attractions  exerted  by  an  electric  "  current "  upon  a  magnetic 
pole,  or  upon  another  current :  this  furnishes  the  electro-magnetio 
system  of  units.  The  static  system  has  been  examined,  §  72,  and 
does  not  call  for  much  attention  here.  The  unit  of  the  magnetic 
system  is  based  on  the  unit  magnetic  pole,  which  is  one  which 
repels  a  similar  pole,  one  centimetre  distant,  with  a  force  of  one 
dyne,  §  13^  The  unit  electric  current  is  that  which,  in  an  arc 
of  one  centimetre  length  of  a  circle  of  one  centimetre  radius,  will 
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repel  a  unit  pole  at  its  centre  with  a  force  of  one  dyn&  The 
unit  current  would  also,  in  a  length  of  one  centimetre,  repel  a 
similar  current  at  a  distance  of  one  centimetre  with  a  force  of 
one  dyne ;  that  is  to  say,  such  a  length  forming  an  arc  of  a  circle 
of  I  centimetre  radius  would  produce  a  unit  field  of  foroe,  §  133, 
at  its  centre,  and  more  generally  a  current  C  in  a  circolar  aic 
produces  a  field  equal  to  G  x  length  of  arc  -7-  square  of  radius, 
from  which  are  derived  the  formtuaa  §  323. 

Perhaps  the  easiest  method  of  forming  a  concrete  idea  of  these 
forces  is  to  conceive  a  spring  balance  adjusted  to  carry  a  wei^t 
of  ^^  of  a  gramme.  Any  force  whatever  which  strains  die 
spring  to  that  point  is  exerting  unit  force.  Thus,  if  a  magnet- 
pole,  fixed  at  one  centimetre  from  another  magnet-pole,  required 
the  spring  to  be  stretched  to  that  point  to  resist  motion  (that  is, 
to  maintain  the  centimetre  distance)  a  force  of  one  dyne  would 
be  exerted;  or,  what  comes  to  the  same  thing,  if  the  balance 
were  graduated  to  successive  increments  of  that  value,  it  would 
indicate  the  number  of  "dynes"  exerted  by  any  force.  The 
ultimate  idea  offeree  is  pressure  or  tengioUf  attraction  or  repulsion 
really  in  unit  degrees,  but  for  purposes  of  calculation  ezpreased 
in  relation  to  mass. 

379.  The  two  systems  of  units  are  related  to  each  other  in  a 
ratio  expressed  in  the  formulss  as  v.  The  actual  value  is  not 
exactly  known ;  but  it  is  interesting  for  two  reasons.  It  has 
been  experimentaUy  determined  by  several  eminent  electriciana 
by  different  processes. 

Per  Second. 
Weber  and  Eolrausch  make  it  3  •  1074  X  10^  cm. 
Sir  W.  Thomson  „     2*825    x  lo**  cm. 

„         (another  mode)  „     2  '93      x  io*«  cm. 
Clerk-Maxwell  „     2-88      x  1  o"  cm. 

Ayrton  and  Perry  „     2*98      x  10"  cm. 

Average        2*9445  x  10"  cm. 

These  variations,  though  not  large,  show  (like  the  different 
values  found  for  the  ohm)  that  while  mathematicians  work  out 
their  formulas  to  the  extremest  nicety,  the  data  are  by  no  means 
settled. 

The  other  point  of  interest  is  that  this  ratio,  which  is  really 
a  velocity,  is  apparently  identical  with  the  velocity  of  light ; 
the  various  determinations  of  which  range  over  much  the  same 
values  as  the  above. 

380.  Dimensions. — ^The  values  of  the  various  units  of  the 
system  are  derived  from  considerations  classed  under  the  name 
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of  **  dimensions  " ;  derivations  in  fact  from  the  nnit  length  L, 
mass  M,  and  time  T;  which  dimensions,  therefore,  are  alike 
applicable  to  any  actual  values  given  to  those  units  in  any 
system. 

Magnetic  Units, 


Strength  of  magnetic  pole  m 
Moment  of  a  magnet  m  I 
Intensity  of  a  magnetic  field  H 


=  L}       MiT-i 
=  Lf       MiT-i 


Elegtbio  Units. 


Unitfl. 

STStem. 

STBtmT 

E.8tade. 

£.  Magnetic 

EMF     

BesiBtanod     ..     .. 

Current 

Quantity 

Capacity 

L|  M4  T-« 
LJ  Mi  T-» 

L 

L|  MJT-« 
LT-« 

L-i    T»\ 

L  T-i  =  V 

^8 1.  The  units  thus  ascertained  represent  each  its  own  idea, 
thing,  or  action,  as  shown  b^  the  dimensions  which  represent 
their  values,  but  the  system  is  so  related  that  we  may  actually 
treat  them  as  though  they  were  all  one  absolute  unit,  represent- 
ing all  forms  of  force  and  energy,  cause,  agency,  and  effect ;  we 
may  multiply  and  divide  them  by  each  other  as  though  they 
were  abstract  numbers  merely,  instead  of  concrete  things.  In 
the  first  edition,  this  feature  of  the  system  was  so  much  dwelt 
upon,  that  some  readers  overlooked  the  fact  of  the  inherent 
differences  among  the  units,  which  has  induced  me  to  point  it 
out  more  particularly  now.  The  arithmetical  unity  of  relation 
is,  in  fact,  the  great  advantage  of  the  use  of  an  absolute  unit, 
and  it  results  from  the  fundamental  principle  of  the  system — 
viz.  that  a  unit  force,  acting  in  unit  time  and  unit  mass,  will 
produce  a  unit  effect  or  operation,  and  expend  and  produce  unit 
energy  in  some  of  its  manifestations.  Therefore  the  ratios  or 
actual  values  of  the  units  themselves  are  fixed  by  this  necessity. 
Starting  from  any  two,  the  rest  follow  of  course,  from  Ohm's 
formula,  I  423. 

This  rdation,  in  fact,  involves  that  unit  current  C  must  pass 
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through  the  unit  oonductor  (miscalled  resistance,  §  439)  B,  in  tmit 
time,  under  the  influence  of  unit  E  M  F  or  E ;  and  in  doing  so 
shall  expend  unit  energy  or  work,  and  be  capable  of  being 
stored  in  a  receiver  of  unit  capacity,  and  of  exerting  unit  force 
upon  a  unit  pole  or  current.  Hence,  all  being  alike  represented 
by  X,  and  being  all  inter-related,  there  follows  the  &ct  men- 
tioned, that  we  can  treat  them  as  simple  numbers  without 
regard  to  their  actual  natures. 

382.  Pracfical  Electric  Units. — ^The  units  employed  by 
electricians  and  forming  the  B.  A.  system,  were  selected  so  that 
they  should  be  of  a  convenient  magnitude,  and  yet  be  decinial 
multiples  of  the  absolute  units  of  the  metre  or  oentimetr&- 
gramme-second  absolute  system  and  also  approximate  in  value 
to  units  already  in  use. 

383.  The  VOLT  is  the  unit  of  dedromoUve  forc&^  and  in  the 
formul»  is  symbolized  by  E ;  when  of  the  nature  of  an  opposed 
or  counter  dectromoiive  farcBy  as  in  the  case  of  a  reversed  cell,  such 
as  a  voltameter,  secondary  battery,  &c.,  it  is  written  ^e.  The 
volt  is,  therefore,  the  unit  of  all  the  various  expressions  or 
actions,  which  are  either  consequences  or  parts  of  electro- 
motive force,  or  which  are  simply  other  names  for  the  same 
thing,  such  as  ''potential,"  "difierence  of  potential,"  ^'electiio 
pressure,"  and  "  electric  force." 

The  VOLT  represents  a  static  force  or  pressure ;  ihere  exists  no 
standard  of  it  at  present,  but  it  is  purely  a  matter  of  calcula- 
tion. It  is  of  the  value  of  10^  C.G.8.  units  (io«^  M.GJ9.>  This 
value  was  selected  as  being  the  nearest  approximation  to  the 
Daniell  cell,  which  is  the  most  constant  known;  the  volt  is 
Daniell  '9268.  As  the  EMF  developed  in  a  thermo-electrio 
battery  is  constant  for  a  fixed  range  of  temperature,  and  as  the 
freezing  and  boiling  points  are  easily  producible,  it  is  probable 
that  a  standard  volt  might  be  constructed  by  this  means ;  but 
it  would  not  be  reproducible  exactly,  because  any  variation  in 
the  purity  of  metals  alters  the  conditions;  it  oould,  however^ 
be  copied  like  the  ohm. 

384.  The  OHM  is  the  unit  of  what  the  electricians  call  BesuUmea 
— as  to  the  nature  and  true  explanation  of  which  term  see  §  441. 
It  is  symbolized  by  R  when  general,  but  when  it  is  subdivided 
into  the  several  parts  of  the  circuit  it  is  written  r,  r^^  &c.  Its 
value  is  10^  C.GJ3.  units  (10^  M.G.S.))  and  this  value  was 
chosen  because  it  was  a  near  approximation  to  the  Siemens 
mercury  unit,  which  was  largely  in  use.  This  unit,  whic^  is  a 
column  of  mercury  i  metre  long  and  1  millimetre  section,  at  the 
freezing-point  of  water,  equals  -953  ohm.  To  give  a  definite 
idea  of  the  ohm,  it  may  be  said  to  be  equal  to  a  wire  of  copper 
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of  95  per  cent,  oonductiyity,  snch  as  is  ordinarily  obtainable,  lo 
feet  long,  *oi  inoh  (or  lO  mils,  about  32  gauge)  §  466,  weighing 
3  grains  per  foot.  Any  other  wire,  of  whatever  mateiial  or  size, 
or  any  electric  dLrouit  which  would  equally  divide  an  electric 
current  with  this  wire,  would  be  i  ohm  of  resistance. 

The  exact  value  of  the  standard  ohm  prepared  by  the  B  JL. 
committee  is  not  known  certainly.  The  following  list  of  the 
different  experimental  determinations  shows  both  5xe  difficulty 
of  these  exact  experiments,  and  the  real  uncertainty  which  stiU 
exists  as  to  the  data  upon  which  mathematicians  build  up 
elaborate  calculations. 

1862.  Weber ^  foBS 

1870.  F.  Eolrausch        1*0196 

1873.  Lorenz   ..      ..      -      ..      ..  '9797 

1876.  Bowland       '9912 

1877.  H.  F.Weber        i'002o 

1 88 1.  LordBayleigh      *9895 

As  these  differences  are  found  by  most  skilful  experimeters, 
aided  by  the  most  perfect  and  complete  appliances,  it  is  not  a 
matter  of  surprise  that  the  actual  units  obtainable  vary  con- 
siderably from  each  other.  An  international  committee  is  ap- 
Sointed  to  settle  this  matter ;  and  it  is  stated  that  a  preliminary 
edsion  has  been  arrived  at  which  is  so  injurious  to  future 
science  as  to  call  for  urgent  protests.  It  is  resolved  to  con- 
struct a  new  standard  and  reproducible  ohm,  which  is  to  agree 
in  value  with  the  exisHng  ohmy  he  tluU  correct  or  not.  The  reason 
given  is,  that  to  alter  the  standard  would  make  all  existing 
instruments  incorrect,  while  the  true  value  of  the  existing 
standard  being  ascertained,  it  will  only  be  necessary  to  use  a 
constant  for  correction  in  calculations.  It  is  said  that  the  fact 
that  the  practical  ohm  is  not  exactly  10*  G.G.S.  units  is  of 
no  more  moment  than  the  fact  that  the  metre  is  not  exactly  its 
theoretical  proportion  of  the  earth  quadrant.  But  the  cases 
are  in  no  way  analogous :  any  unit  of  length  may  serve  as  the 
basis  of  a  complete  system,  its  relation  to  the  earth's  quadrant 
is  of  no  more  consequence  than  its  relation  to  the  height  of 
8t.  Paul's.  But  the  ohm  is  part  of  a  system  closely  related 
to  its  theoretical  basis.  All  calculations  of  current,  energy 
expended,  and  so  on,  are  dependent  upon  this  ratio.  The 
question  resolves  itself  into  a  choice  of  two  evils : — 

(i)  The  existing  standard  is  changed  for  one  theoretically 
true. 

Evils.  TiXifltiug  instruments  become  incorrect.    But  as  it  is, 
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they  are  not  really  oorrect  to  the  ezisting  standard;  they 
generally  alter  in  oonrse  of  time,  and  any  change  would  odIt 
need  a  correction  of  results  by  a  constant.  This  evil  wodOy 
therefore,  wear  out  in  time,  with  the  ezisting  instruments. 

(2)  The  ezisting  standard  is  retained. 

EvU,  For  all  future  time  no  observations  will  be  correct; 
every  calculation  will  need  a  correction ;  the  tme  relatioaas  of 
electric  constants  will  always  be  obscured. 

Can  there  be  a  doubt  which  is  the  lesser  evil  ? 

385.  It  is  intended  to  make  a  reproducible  ohm,  which  will 
be  a  great  advantage ;  but  the  mode  is  open  to  question.  Ths 
intention  is  to  define  what  length  of  a  column  of  pure  mercuiy 
of  I  millimetre  section  is  a  true  ohm.  Mercury  is  far  superior 
to  any  solid  metal,  because  it  is  capable  of  easy  purification,  and 
is  subject  to  no  molecular  changes;  but  how  the  column  of 
mercury  is  to  be  produced  is  questionable,  seeing  that  no  glass 
tube  can  be  drawn  true ;  also  a  fractional  length  will  be  difficult 
of  adjustment.  The  plan  which  I  have  suggested  gets  over  this ; 
let  a  V-groove  be  formed  in  ebonite  or  glass,  ezactly  i  metre 
long,  or  two  such  grooves  side  by  side,  half  a  metre  long,  and 
connected  by  massive  copper  at  one  end,  so  as  to  have  the 
terminals  side  by  side ;  tiiis  being  placed  ezactly  level,  let  so 
much  mercury  be  put  into  the  grooves  as  shall  ezactly  make  the 
ohm :  this  would  make  its  own  section,  and  all  that  would  he 
necessary  would  be  to  ascertain  ezactly  the  weight  of  mercoiy 
required ;  weight  and  length,  the  two  easiest  measures  to  deter- 
mine ezactly,  are  all  the  data  which  would  be  required ;  a  cover 
applied  would  complete  the  apparatus,  with  suitable  ammge- 
ments  for  keeping  it  at  the  proper  temperature. 

^86.  The  AMP]^RE  is  the  unit  of  Cwrent  per  second,  the  one 
thmg  which  has  an  actual  value  in  nature,  which  value  is  not, 
however,  taken  into  account  in  the  system.  The  unit  value  of 
current  is  defined  of  necessity  by  the  relations  of  Ohm's 
formula — 

B      ^         BMP         ^        .       Volt       .       . 

=  =  C.    p    .  ^ =  Current.      =r=— -  =  Ampere. 

B  Besistance  Ohm  ^ 

^  =  io-»  C.G.a     or      i^  =  io-«  M.G.S. 

The  ampere  was  formerly  called  the  veber.  Its  actual  value  is 
not  yet  ascertained  satisfactorilv,  and  the  difference  of  values 
given  is  considerable.  The  value  accepted  until  recently  is 
that  employed  in  this  work,  which  makes  the  ampere  a  current 
which,  doing  work  in  electrolysis,  releases  *  00001022  gramme  of 
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hydrogen  per  second,  or  in  grains  *  00015  8,  and  the  equivalent 
proportion  of  any  other  snbstanoe.  M.  Mascart  has  recently 
given  as  the  value,  gramme  *ooooi04i5  of  hydrogen,  which  is 
in  grains  *  0001 61.  Until  the  matter  is  finally  decided  by  some 
recognized  authority,  I  have  not  thought  it  desirable  to  alter 
the  values  given  in  this  work,  which  can  be  altered  by  a 
percentage  correction  if  the  value  of  Mascart  is  preferred. 

An  ampere  hour  is  a  larger  unit  coming  into  use  for  electric 
light  purposes,  and  is  used  as  a  unit  of  quantity,  being  the 
value  ofjSoo  coulombs,  or  amperes. 

287.  The  COULOMB  is  the  unit  of  Difnamic  Quantity :  it  is  of  the 
▼alue  of  I  ampere  of  current ;  that  is,  a  current  of  10  amperes 
would  transmit  in  one  second  10  coulombs  of  electric  quantity ; 
the  coulomb  is,  therefore,  O.G.S*  10-^,  and  represents  chemically, 
grains  of  hydrogen  '000158,  or  such  values  as  have  just  been 
described  for  the  ampere. 

388.  The  FABAD  IS  the  unit  of  Capacity ^  and  its  value  is 
coulomb  -T-  volt,  or  C.G.8.  lo-*  units  (M.G.S.  io-0»  That  is  to 
say,  that  the  capacity  of  a  condenser  for  charge  is  the  number 
of  units  of  quantity  it  will  receive  under  unit  force.  The  value 
given  is  that  of  the  electro-magnetic  unit  system,  and  a  unit 
condenser  would  therefore  be  one  holding  i  coulomb  under  i 
Tolt  potential.  It  will  be  seen,  §  93,  that  the  unit  of  capacity 
on  the  electrostatic  system  is  a  sphere  of  i  centimetre  radios, 
which  would  hold  the  quantity  defined,  §72,  so  that  on  this 
system  the  capacity  of  the  earth  is  calculated  as  630  millions  e-s 
units.  But  dU  ihis  belongs  to  ihe  electricity  which  has  been  invented 
hu  the  ichoolmen  ;  as  to  the  earth,  there  is  not  an  iota  of  evidence 
that  it  has  any  static  charge  at  all  as  a  whole — i.  e.  as  a  sphere 
in  space :  it  has  many  loaQ  charges,  constantly  varying,  set  up 
between  parts  of  its  sur&ce  and  the  surrounding  atmosphere 
and  clouds.  Its  capacity  is  imaginary,  but  the  figure  is  useftd 
to  give  some  conception  of  the  meaning ;  dividing  this  charge 
by  the  ratio  ©*,  §  379,  we  have  63  X  10'  -r  (3  X  io*°)*  =  7~i« 
G.G.S.  units,  and  the  microfarad  being  io~^^,  this  is  700  micro- 
fiEurads,  or  about  2400  miles  of  cable,  and  -i  104  millionth  of  a 
grain  of  hydrogen  as  the  chemical  equivalency  of  the  electricity 
which  would  charge  the  earth  to  the  potential  of  i  volt. 

389.  The  uiCBOFARAD  is  the  practiced  unit  of  capacity,  as  the 
farad  itself  is  out  of  all  practical  use.  This  is  the  one-millionth 
of  a  farad  and  may  be  represented  by  3  *  5  miles  of  average 
telegraph  cable  :  see  §  93  {e)  p.  78,  and  the  table  p.  81,  where  the 
natural  truth  as  to  capacity  is  fully  explained. 

390.  The  JOULE  or  joulad  (name  not  yet  accepted)  is  the  unit  of 
EMrgym    It  is  the  work  expended  by  the  ampere  in  1  ohm,  and 
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its  expression  is  J  =  C^  x  B.  This  is  the  energy  expended,  the 
work  done  in  passing  the  current  through  the  circuit  liiitLe 
true  resiatancey  and  it  is  analogous  to  mechanical  friction,  and, 
like  it,  varies  as  the  square  of  the  current;  as  the  formula  £  X  G 
means  exactly  the  same  thing  for  any  given  circuit  (only  sub- 
stituting a  measured  EMF  for  a  measured  resistance),  this 
formula  also  gives  us  the  result  in  what  are  called  volt-amptos, 
which  are  the  same  thing  as  the  joule.  This  name  has  been 
recently  proposed  by  Mr.  Siemens,  as  a  suitable  recognition  of 
Joule,  the  measurer  of  the  actual  co-relation  of  work  and  beat ; 
but  it  has  been  in  use  for  years  (as  the  joulad),  proposed  hj 
D.  G.  Fitzgerald  on  the  same  ground. 

The  joidad  covers  all  forms  of  energy,  and  indudes  W  work 
in  foot-pounds  or  other  measures,  and  H  heat  in  calories,  Ac 
Therefore  it  needs  a  constant  Jb  to  be  added  to  the  formula, 
which  would  give  the  value  in  the  desired  terms.  Thus  the 
joulad  means : — 

O.G.S.  (ergs) -lo' 

M.G.S.,  1000 -lo* 

Foot-pounds '7373 

Calory •  24065  * 

Grain  Degree  Fahr 6-6855 

391.  The  WATT  is  suggested  as  the  unit  of  Fewer  (similar  to 
horse-power) ;  it  holds  much  the  same  relation  to  the  joulad  as 
the  coulomb  does  to  the  ampere.  It  is,  in  fEU^t,  the  power  to 
do  a  joulad  of  work,  and  is  of  the  same  value  per  second  as  tiie 
joulad,  or  equivalent  to  44*  25  foot-pounds  per  minute,  or  horse- 
power (33,000  foot-pounds  per  minute)  '00134;  so  that 

I  horse-power  =  746  watts ; 

that  is  to  say,  one  horse-power  expended  wholly  in  producing 
electric  current  would  generate 

I  ampere  current  in     ..     746  ohms  resistance, 
or,      \/^4fi  =  27  •  3  amperes  in  1  ohm  „ 

In  fact,  we  may  consider  the  joule  as  the  cost  of  carriage 
per  ohm  of  one  ampere,  but  with  tiie  charge  increasing  as  the 
square  of  the  number  of  amperes  carried  per  ohm. 

*  Two  yalnes  in  calories  are  given,  •34065  here,  and  '3381  in  the  table* 
The  first  is  tliat  hitherto  used,  and  ascertained  by  experimental  obssrvations : 
the  latter  is  the  theoretical  valae  derived  from  the  O.G.S.  system;  the 
difference  is  caused  by  the  imperfect  determinations  of  the  standard  imits,  the 
ohm  and  ampere. 
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392.  The  ffoU-amphre  howr  is  a  larger  unit  of  energy  oorre- 
Bponding  to  the  similar  current  unit,  ^  xSS,  which  is  coming 
into  use  in  connection  with  electric  lighting,  and  represents 
3600  jonlads. 

393.  Further  information  as  to  the  principles  which  underlie 
these  units  will  be  found  in  the  chapters  relating  to  the  several 
branches,  and  the  following  table  will  present  the  relations 
of  the  units  to  eadi  other  and  their  values  in  one  view. 


FRACTIGiLL  ElBCTBO-MaONETIC  UnTTS. 


Babject 

^ 

Num. 

HowderiTed. 

Values  of  Unita. 

"g 

h 

C.GJ8. 

M.G.8. 

PractlcaL 

&M.F.  .    . 

E 

Volt 

Ampere  X  Ohm 

108 

xos 

Daiiiell*9628 

BariskaiMe     . 

B 

Ohm 

Volt  +  Ampere 

I0» 

xcff 

SIemen0'x*o26 

Camnt    .    . 

c 

Ampere 

Volt  +  Ohm 

xcr-l 

xo-i 

HydrogeD  equlvat. 

Qoaatttj  .    . 

Q 

ObiUomb 

I  Ampere 

xo-1 

lo-i 

Gramme  *  0000x023 
Maecut  i^es 

Capidtr  .    . 

K 

Fend 

Oralomb-i-VoH 

xo-9 

10-7 

«       -0000x0415 

^  piBctieal 

.. 

Hicro-bnd 

„    I  mllUonth 

10-M 

xo-i» 

j*5  mllesof  average 
cable. 

Eoergr    .    . 

J 

Joolad 

C«XR 

xo7 

108 

xoTeri^ 

„  MWoik 

w 

n 

Ei  +  R 

m 

M 

ft.  lb.  •7j^j 

«  MHeftt 

H 

•» 

£  XC 

n 

w 

<  Caloiy  '2^81 

Poww  •     •     • 

•  . 

Watt 

/iJovladpereee. 
1    W  +  tlme 

xdT 

X08 

Horee-power  *oox)4 

n       •      •      • 

-- 

Volt  Ampere 

n 

m 

44'24ftibe.permtaL 

Xltttrohftie 
Currmi 

,, 

Chmic 

Ampere  =s  5*68 

•  • 

••{ 

I  grain  Hjdrogen  in 
xo  hoons. 

BMtgv 

•• 

E^vM 

6jj8  JoQladfl 

•• 

4673  ft.  Ibe. 

394.  Besistancbs  Measitbes. — These  are  definite  resistances 
made  up  into  sets  for  use  precisely  as  weights  are  in  ordinary 
weighing,  and  by  a  process  so  similar  that  the  apparatus  is 
called  a  "  Balance  *'  in  which  these  known  measures  are  com- 
pared with  the  one  to  be  measured  until  the  two  are  equal  in 
relation  to  electricity  as  the  weights  are  as  to  gravitation. 
The  earliest  were  simply  lengths  of  a  particular  wire ;  then 
Wheatstone's  Bheostats  were  devised,  these  being  wires  of 
which  variable  lengths  were  capable  of  being  measured  off: 
one  form  consisted  of  a  length  of  fine  wire  wound  upon  two 
parallel  cylinders  geared  together,  the  one  of  wood  with  a 
screw  thread  cut  in  it,  the  other  metal,  so  as  to  make  contact 
wilJi  the  wire  wound  upon  it,  leaving  the  length  on  the  wooden 
cylinder  to  form  part  of  the  circuit:  the  other  was  also  a 
wooden  cylinder  with  a  stouter  wire  wound  upon  it,  forming  a 
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Borew  thread  against  which  pressed  a  travelling  wheel  on  a 
metal  arbor.  £i  both  instruments  there  were  applianoes  far 
indicating  the  number  of  turns  and  parts  of  a  turn  which  were 
left  in  the  circuit :  but  both  were  very  imperfect  becaose  the 
contacts  were  unreliable.  Then  fixed  coils  of  wire  were  used  and 
mounted  in  sets,  and  from  these  have  grown  up  the  instmmenti 
now  used  containing  assorted  sets  of  coils  adjusted  to  ohms, 
§  384,  or  any  convenient  multiples. 

395.  Besistakcb  Coils. — These  are  easily  made  up  to  any 
resistance.  They  are  commonly  mounted  up  in  sets,  giving 
icxx),  10,000,  or  100,000  units,  and  are  very  expensive  instru- 
ments, owing  to  the  great  labour  of  adjustment.  The  usual 
plan  is  to  make  up  coils  corresponding  to  the  required  divisions 
and  connect  the  several  terminals  to  massive  blocks  of  brass 
arranged  nearly  in  contact,  so  that  a  hole  bored  at  the  middle 
of  the  opposed  edges  will  connect  the  adjoining  blocks  when 
filled  up  by  a  slightly  oonical  metal 
Fia.  57.  P^^g*    ^%*  57  shows  ti^e  mode  of  con- 

nection which  is  largely  employed  in 
electrical  instruments,  and  gives  an  ex- 
cellent connection  if  kept  dean.  When 
the  plugs  are  inserted,  the  oirouit 
passes  through  them  and  there  is  no 
resistance ;  by  removing  a  ping  ^e 
current  has  to  pass  through  the  wires 
whose  ends  are  connected  to  the  two 
blocks.  These  blocks  are  commonly 
screwed  upon  a  plate  of  ebonite  or  wood,  Ac,  standing  above 
it :  this  has  the  disadvantage  of  allowing  dust,  &c.,  to  ooUect ; 
they  should  either  be  sunk  into  ebonite^  which  could  be  done 
before  this  is  hardened,  or  else  all  the  spaces  should  be  filled  up 
with  pieces,  so  as  to  leave  a  smooth  surfetce  with  no  openings 
but  the  plug-holes. 

To  reduce  the  number  of  these  connections,  it  is  usual  to 
^e  up  the  coils  on  the  same  principle  that  chemical  weights 
are  divided,  viz.  i,  2,  3,  6,  as  by  combination  of  these,  10,  or 
any  of  its  subdivisions,  may  be  obtained ;  in  other  cases  the 
combinations  of  i,  2,  3,  4  or  of  i,  2,2,  5  are  used.  These  oom- 
binations  have  the  advantage  of  requiring  only  four  reels  and 
four  adjustments  to  each  decimal  series;  they  are  therefore 
cheaper  to  make  in  a  large  way ;  but  they  are  more  troublesome 
to  use  than  instruments  with  complete  decimal  sets  as  described 
below,  as  they  require  more  arrangement  of  the  resistances,  and 
they  are  more  conducive  to  mistakes  as  they  necessitate  the 
adding  together  all  the  resistances  opened.     In  these  instru- 
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ments  there  is  a  complete  wire  circuit  all  through  the  instra- 
ment,  and  the  plugs  ^*  short  circuit,"  or  shut  off  so  much  of  the 
wire  as  may  not  be  required.  In  the  next  form,  on  the  con- 
trary, there  is  no  througn  wire,  but  such  lengths  as  are  required 
are  thrown  into  circuit  by  a  single  connection  for  each  decimal 
set. 

397.  Decimal  Resistance  Instrument. — Consideration  of  the 
various  advantages  and  evils  of  these  instruments,  both  in  prin* 
ciple  and  convenience  of  construction  by  amateurs,  led  me  to 
devise  an  arrangement,  which — writing  as  I  do  expressly  to 
aid  those  who  wish  to  construct  instruments  for  themselves — 
I  will  now  describe.  In  giving  its  mode  of  construction  I  shall 
endeavour  to  furnish  such  practical  observations  as  my  own 
experience  indicates  may  obviate  difficulties  likely  to  arise  in  the 
construction  of  instruments.  The  instrument  described  gives 
resistances  varying  from  1000  ohms  to  i-iooo,  but  for  conve- 
nience of  making  and  facility  of  reading,  the  elements  are  not 
distribnted  as  just  described,  but  in  regular  decimal  sets  of  nine 
exactly  similar  parts,  the  terminal  connections  arranged  as  in 
Fig.  j8,  which  represents  one  decimal  set  for  any  division. 
Each  segment  represents  a  connection,  §  398.  C,  the  centre 
connection,  leads  either  to  o  of  the  next  senes  or,  in  the  last,  to 
the  terminal  screw.  A  glance  will  now  show  that  the  current 
enters  at  +  which  is  connected  to  o ;  if  this  is  connected  to  G, 
the  circuit  passes  from  this  to  the  next  series,  while  if  0  is  con- 
nected to  any  of  the  numbered  studs,  just  so  many  divisions  of 
resistance  are  included  in  the  circuit. 


Pio.  58. 


Pio.  59. 


Fig.  59  will  now  show  the  complete  arrangement :  the  upper 
sets  represent  whole  numbers  of  units ;  the  lower  sets,  the 
decimal  divisions;  all  arranged  in  the  usual  mode  of  placing 
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figoieB.  The  resistance  as  it  is  shown,  therefore,  reads  off 
£65*107  nnits.  The  dotted  lines  represent  the  fixed  oanneo- 
tions,  and  the  path  of  the  current  may  thns  be  readilj  traced 
through  the  diagram. 

398.  Construction  op  Eesisptancb  Instrument.^ i)  Cbmee- 
Uons.  These  may  be  made  like  Fig.  57,  but  oompoeed  of  a 
circular  block  surrounded  by  a  ring  of  segmental  blocks  with 
the  necessary  holes  to  connect  each  segment  to  the  centre,  as 
shown  Fig.  58. 

They  may  be  a  central  pillar  with  a  spring  traversing  over  a 
ring  of  studs  or  segmental  blocks ;  the  spring  should  be  wide 
enough  to  pass  from  stud  to  stud  without  break  of  cizcxiit 
This  plan  is  very  quick  and  handy  in  use,  but  is  only  suited  to 
large  resistances;  the  varying  pressure  of  the  spring,  the 
coating  of  the  studs  with  dust  or  smoke,  makes  a  great  dif- 
ference in  the  contact  resistances.  If  employed,  the  spring 
should  press  strongly,  and  all  the  faces  be  well  gilt.  The  best 
plan,  but  troublesome  in  some  respects,  is  to  use  mercnry  caps, 
connected  together  by  a  bridge  of  stout  copper  wire.  The  cups 
are  easily  ms^e  by  using  for  the  top  a  thick  piece  of  wood  (say 
i^  inch),  boring  holes  through,  and  filling  the  lower  half  of  the 
holes  with  a  copper  rod  or  screw,  the  end  of  which,  as  also  of 
the  links,  should  be  first  well  amalgamated.  Brass  screws  will 
not  do,  as  the  mercury  would  penetrate  them,  and  iron  is 
objectionable,  both  for  its  resistance  and  as  b^g  likely  to 
disturb  neighbouring  galvanometers.  The  ends  of  the  screws 
which  project  through  the  wood  should  be  first  tinned,  ready  for 
soldering  the  wires  to  them.    See  also  §  J34. 

(2)  2%e  coiU.  The  wire  is  usually  laid  upon  reels;  these 
may  be  of  cast  brass  with  a  projecting  end  screwed  to  go  into 
the  blocks,  in  which  case  one  end  of  the  wire  is  soldered  to  the 
reel.  If  mercury  cups  are  used,  and  the  instrument  cannot  be 
turned  over,  it  is  better  to  arrange  short  coils  horizontiJly, 
instead  of  longer  vertical  ones ;  fix  to  the  middle  line  of  the 
lower  side  of  the  top,  a  vertical  board  from  which  the  proper 
number  of  rods  project,  and  slip  the  reels  on  these.  From  each 
of  the  copper  screws  of  the  cups  bring  out  to  the  side  of  the  top 
two  stout  wires,  all  arranged  in  order  along  the  edge,  and  use 
these  for  connecting  the  ends  of  the  coil  wires  to  when  mounting. 
The  adjustment  can  then  be  made  conveniently  as  the  instru- 
ment stands,  the  coils  being  all  accessible  and  removable.  The 
wire,  cut  in  lengths  a  little  in  excess  of  the  resistance  required, 
is  doubled  and  laid  so  upon  the  reel ;  this  avoids  any  induction 
in  the  wires,  as  the  current  is  everywhere  reversed,  and  it  also 
prevents  the  coils  from  acting  as  magnets  upon  neighbouring 
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galvanometers.  Another  mode  is  to  divide  the  length  of  the 
reel  in  two  parts  by  a  partition,  and  wind  half  the  wire  in  one 
direotion  in  one  compartment,  and  then  reverse  the  winding  in 
the  other  compartment :  this  is  less  perfect  than  the  two  con- 
tiguous wires,  but  the  wire  is  more  easily  laid,  and  leakage  is 
less  probable.  The  two  ends  are  to  be  left  out  for  connection, 
and  in  fine  wires  it  is  desirable  to  join  a  stouter  wire  (or  a  short 
piece  of  copper  wire)  on  them,  to  reduce  risk  of  breaking  just 
outside  the  coils.  It  preferred,  the  middle  of  the  wire  may  be 
within  the  coils,  so  that  the  two  ends  are  outward  and  accessible. 

It  is  not  necessary  to  lay  the  wire  on  reels  ;  it  may  be  doubled 
and  rolled  up  in  small  coils  if  preferred ;  this  has  an  advan- 
tage, in  that  it  exposes  more  surface,  and  the  heat  of  the  cur- 
rent can  escape  more  freely ;  but  is  more  trouble  in  fitting  up. 
^  (3)  The  ioires.  These  should  be  German  silver;  it  is  usually 
silk-covered,  but  cotton  is  nearly  as  good.  It  is  desirable  to 
saturate  the  covering  with  paraffin,  by  baking  thoroughly  dry 
and  dipping  while  hot  into  melted  paraffin.  This  can  be  done 
either  before  or  after  la^dng  on  reels.  German  silver  wire 
varies  very  much  in  resistance,  according  to  the  amount  of 
nickel  in  it.  Of  two  wires  of  exactly  the  same  gauge,  No.  26, 
8  feet  of  the  best  balanced  1 1  feet  6  inches  of  the  commoner, 
therefore,  the  suitable  sizes  cannot  be  given,  but  must  be 
ascertained  by  the  formulae  given  §  472  and  by  aid  of  Table  XI. 

It  is  also  quite  useless  to  measure  l^igths  of  wire,  if  any 
accuracy  is  desired,  because  the  resistance  varies  in  each  length 
owing  to  slight  variations  in  thickness,  and  still  more  to  slight 
changes  of  quality,  and  the  finer  the  wire  the  greater  &is 
variation.  Thus,  in  No.  18  two  trials  differed  only  a  quarter 
inch;  in  No.  34  many  trials  gave  results  varying  from  6 -4 
to  7  *  2  inches,  it  is  useless  also  to  adjust  wires  before  winding, 
as  the  strain  upon  them  alters  their  size  very  slightly,  and  so 
affects  the  resistance,  and  this  the  more  if,  as  should  be  done, 
the  softest  possible  wires  are  used. 

The  size  of  wire  is  to  be  selected  according  to  the  purpose  of 
the  instrument.  If  it  is  to  be  used  as  an  ad^ual  resistance  for 
varying  currents  (and  such  an  instrument  is  an  essential)  large 
wires  must  be  used,  to  avoid  the  effects  of  heating  by  the 
current;  if  it  is  required  only  for  measuring  resistances  with 
the  bridge,  as  only  small  and  momentary  currents  pass,  fine 
wires  may  be  employed.    The  following  sizes  are  suitable : 

Single  ohms  ..     No.  18. — 21        I         100  ohms        ..     No.  25. — 34 
10 ohms..     ..       „    20.— 29       I       1000    „     ,.     „      „    32. — ^40 

Decimal  sets  need  not  be  all  of  one-sized  wire ;  the  larger  sizes 
may  be  used  for  the  first  coils,  and  finer  as  the  resistance  rises. 
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(4)  Adjustmeni.  This  is  effected  on  the  principles  described 
§  416,  by  balancing  against  a  standard.  The  ends  of  wire  left 
for  adjustment  are  well  cleaned,  and  shortened  by  croBsing  in 

contact  till  closely  correct,  when  they  should 
FiQ.  60.  ^    twisted  together  and  soldered,   and  the 

twisting  and  soldering  continued  until  it 
exactly  equals  the  standard.  The  following 
is  a  more  perfect  plan,  the  restdt  of  many 
experiments.  Haying  by  mere  contact,  as 
before,  ascertained  closely  the  proper  length, 
slide  upon  the  two  ends  (first  tinning  them  with  the  soldeiing 
iron)  a  short  piece  of  brass  tube,  also  tinned,*  and  press  it  to- 
gether so  as  to  grip  the  wires  firmly.  Slide  the  wire  ends  throng 
this,  watching  the  galvanometer  till  the  resistance  shows  closely 
right,  or  a  trifle  too  small ;  then  touch  the  joint  with  a  solderine 
iron  to  secure  it,  and  allow  it  to  cool  completely.  The  final 
adjustment  is  to  be  made  by  lightly  filing  away  the  joint  so  as 
to  lengthen  the  wires,  or  the  wires  themselves,  so  as  to  increase 
the  resistance  until  it  is  correct.  With  fine  wires  it  is  well  to 
join  on  stouter  ends  for  this  adjustment ;  there  is  also  a  great 
advantage  in  soldering  on  a  second  wire  near  the  adjusting  point, 
so  that  uie  circuit  there  is  double :  the  effect  is  that  any  change 
of  resistance  involves  a  double  change  of  length  of  wire,  and  also 
there  is  less  risk  of  complete  break  of  circuit;  this  may  be 
carried  further  by  making  this  second  loop  of  much  greater 
length  than  that  of  the  wire  it  affects.  When  adjusted,  the 
coils  suspended  from  the  top  can  be  inserted  into  a  case,  which 
is  to  be  secured  by  a  few  screws  to  the  top,  and  forms  the 
stand  of  the  instrument.  For  further  details  of  construction,  see 
§  ^16. 

(5)  Subdivisions  of  an  ohm, — These  may,  for  ordinary  puiposes, 
be  made  by  simple  division  of  a  length.  Take  i  ohm  in  No.  i6 
German  sUver  wire;  measure  caremlly  into  lo  parts,  and  at 
each  division  solder  a  copper  wire,  to  be  taken  as  close  up  as 
possible  to  its  connection.  A  copper  or  brass  wire.  No.  i8,  may 
be  balanced  against  one  of  these  tenths,  and  so  famish 
hundredths  in  like  manner,  and  a  length  of  No.  ib  wiU  give 
thousandths.  The  subdivisions  may  also  be  balanced  singly  by 
a  standard  ohm,  using  the  multiplying  ratios  of  the  Wheatstone 
bridge. 

(6)  The  fixed  resistance, — The  permanent  connections  should 
be  made  with  very  stout  copper,  the  whole  of  the  connectionB 

*  This  tinnine  is  best  done  by  boiling  in  a  tin  yesael  with  a  eolntion  of 
caostio  floda,  adding  a  little  oxide  of  tin  (patty  powder)  and  some  gianolated 
tin. 
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arranged  for  short  circuit  (that  is  from  o  to  C),  and  this  fixed 
resist anoe  measured,  and  added  in  calculations  to  the  resistance 
shown.  For  use  with  the  bridge  it  is  well  to  use  a  pair  of  con- 
ductors in  the  proper  opening,  and  to  balance  against  these  and 
the  fixed  resistance,  a  length  of  wire  which,  being  cut  in  two,  is 
to  be  used  to  connect  any  resistance  to  the  measure ;  then  all 
but  tlie  actual  resistance  shown  is  neutralized,  unless  multiplying 
ratios  are  employed. 

399.  Mbasueing  Bbsistances. — Electric  resistances  are  mea- 
sured by  comparing  them  with  other  renLstances  of  known 
amount,  and  the  processes  are  of  two  kinds :  (i)  The  comparing 
of  currents  produced  against  the  resistances.  (2)  The  com- 
paring the  deetric  pressures  or  difference  of  potential  existing 
between  two  conductors.  The  first  system  may  be  applied :  (i) 
By  Ohm's  laws,  calculating  the  resistance  from  the  known 
electromotive  force  and  current.  (2)  By  observing,  with  a 
galvanometer,  the  currents  produced  under  given  battery  con- 
ditions ;  then  replacing  the  resistances  to  be  measured  by  a  set 
of  measured  resistances,  and  •  altering  these  until  the  same 
deflection  is  obtained.  (3)  By  a  difierential  galvanometer,  as 
described  §  337.  This  process  depends  upon  the  laws  of  derived 
circuits,  and  directly  balances  the  currents  themselves  against 
each  other. 

400.  The  Wheatstone  Beidge. — The  second  principle,  that  of 
comparing  potentials  purely,  without  any  reference  to  the  currents 
passing,  is  that  of  the  Wheatstone  bridge,  so  called  because  a 
cross  circuit  is  produced  between  two  points  of  equal  potential. 
It  is  also,  and  more  appropriately  called  **the  balance,"  because 
that  connection  does  as  truly  balance  the  circuits  against  each 
other  as  the  weighing  balance  does  the  earth's  attraction 
upon  bodies  on  its  opposite  arms.  It  is  also  called  ''the 
parallelogram,"  because  it  forms  a  parallelogram  of  forces. 

The  principle  and  the  use  of  tne  instrument  is  extremely 
simple ;  but  in  the  books,  it  is  made  a  very  mysterious  subject 
by  being  buried  under  algebraic  formulaB,  which  make  most 
people  imagine  that  it  is  hopeless  to  try  to  understand  it.  The 
principle  is  that  of  a  Bule-of-Three  sum  applied  to  the  simple 
law  of  derived  circuits,  that  the  current  will  divide  among  all 
the  branches  in  proportions  exactly  the  opposite  of  those  of  their 
resistances,  i.  e.  in  the  inverse  ratio  of  the  several  resistances. 

401.  The  distribution  of  potential  is  equally  simple,  if  we 
clearly  distinguish  between  electromotive  force  and  potential, 
with  their  relation  to  current.  Electromotive  force  is  the  initial 
or  exciting  cause,  be  it  what  it  may :  it  is  located  at  the  point 
or  points  where  energy  takes  the  form  of  electricity.    For  our 
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present  purpose  we  may  regard  it  as  existing  at  the  snr&oe  of 
the  zinc  plate  in  the  liquid  of  a  galyanio  oeU,  and  nowhere  dm^ 
To  think  of  electromotive  force  as  existing  in  the  wires,  only 
causes  confusion.  But  electromotive  force  sets  up  a  molecular 
strain  throughout  the  whole  circuit,  and  this  constitutes  the 
'*  difference  of  potential "  between  any  two  parts  of  the  circuit, 
which  is  distributed  (as  what  may  be  conveniently  called 
dectrie  preesure)  over  the  circuit  in  exact  proportion  to  the 
resistances.  This  conception  treats  potential  as  single,  and 
reckons  it  as  *'  above  earth  or  zero,"  §§77  and  91.  But  as  it  is 
an  artificial  representation  of  the  facts,  it  will  be  well  to  show 
how  it  properly  represents  the  facts  of  the  electric  circuit. 

402.  Wherever  we  open  our  circuit,  we  find  a  positive  and 
negative  condition,  a  -|-  fti^d  —  pole  of  equal  and  opposite  forces, 
these  being  simply  the  opposite  fax>&B  of  the  particles  in  the 
circuit,  §§  35  and  108. 

We  should  therefore  begin  by  thinking  of ''  electric  pressure* 
as  twofold,  as  representing  the  opposite  stresses  of  these  particles. 
Fig.  61  presents  this  view,  and  shows  how  the  force  is  distri- 
buted. A  B  is  the  circuit  (which  is  regarded 
Fia.  61.  AS  a  resistance  divided  into  10  equal  parts), 

starting  from  the  face  of  the  liquid  A  C,  in 
contact  with  the  zinc,  and  returning 
through  the  negative  plate  (which  may  Im 
anywhere  according  to  relative  resistances) 
and  the  outer  circuit  to  the  zinc  plate, 
B  D.  Treating  the  electromotive  force  as 
a  unit,  and  calling  its  value  10,  we  have 
-f  and  —  pressures,  each  5,  or  a  differeneeof 
potential  of  10,  equal  at  the  point  of  origin 
to  the  electromotive  force,  and  drawn  to 
the  same  scale  as  the  resistance.  The  line 
C  D  is,  therefore,  the  line  of  distribution  of  potential,  which  is 
likewise  divided  into  10  equal  parts,  vertical  lines  from  which 
show  the  pressure  existing  in  any  parts  of  the  circuit.  Thus 
from  any  points  on  the  line  of  potential  C  D,  lines  to  the  line  of 
resistance  A  B  will  cut  off  a  resistance  equal  in  proportion  to 
the  sum  of  +  and  —  pressures,  included  in  the  intermediate 
conductor,  and  acting  to  set  up  current  in  it. 

It  should  be  remembered  that  the  actual  values  of  the  force 
and  potential,  or  resistance,  are  of  no  consequence.  Let  them 
all  be  great  or  all  small,  or  one  small  and  the  other  great,  these 
raUoa  or  proportions  will  hold  good. 

40  J.  As  yet  we  have  regarded  Fig.  61  as  representing  a  whole 
circuit  and  force,  but  it  applies  equally  to  any  fraction  of  a 
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cxrcnit.  Bememberiog  tlie  dlBtinotion  made  between  electro- 
motive force  and  potential,  yet  if  we  take  any  portion  of  a 
circuit,  and  ascertain  the  difference  of  potential  existing  at  the 
two  extremities  of  that  portion,  we  may  regard  that  difference 
as  the  electromotive  force  operating  within  that  portion.  Let 
A  B  be  only  a  tenth  part  of  the  circuit,  then  if  the  same  total 
electromotive  force  is  acting,  the  actual  difference  of  potential, 
oonstitating  the  force  within  this  section  of  the  circuit,  will  be 
only  I  (equal  to  one-tenth  of  the  acting  electromotive  force) 
instead  of  10,  but  its  proportionate  distribution  over  Uie  included 
resiBtance  will  remain  unaltered. 

404.  But  further,  these  same  conditions  apply  equally  if 
A  B,  this  portion  of  a  circuit,  instead  of  being  a  single  path,  be 
two  or  many :  the  total  current  will  divide  itself  among  the  paths 
in  the  inverse  ratio  of  their  resistances,  no  matter  how  these 
differ,  and  the  potential  will  be  distributed  in  each  of  these 
derived  circait8  over  that  resistance  in  proportionate  ratio.  To 
show  this,  it  is  more  oonvenient  to  treat  the  difference  of 
potential  as  single,  instead  of  a  compound  of  4~  ^^^  — « 
especially  as  this  gives  us  conditions  which  enable  us  to  com- 
pare electric  potential  with  the  pressure  of  water. 

405.  Fig.  62  represents  a  two -branch  circuit  with  the 
several  pressures,  but  these  are  not,  as  before,  on  the  same 
scale  as  the  resistance,  but  merely  pro- 
portional. Let  us  first  regard  the  lines 
A  B,  a  &,  as  vertical  pipes,  connected  to 
the  same  reservoir  of  water  at  an  eleva- 
tion which  produces  a  final  pressure  A  B, 
a  h  equal  in  both.  Now  dividing  the 
lines  of  height  and  those  of  pressare, 
each  into  10  parts,  or,  what  is  the  same 
thing,  dividing  A  C,  a  &  equally,  we  get 
lines  which  represent  the  pressure  exist- 
ing at  each  level  of  the  pipes ;  but,  let  us 
now  suppose  that  one  of  these  pipes,  in- 
stead of  being  vertical,  goes  from  A  to 
0,  or  that  it  goes  to  any  distance  away 
which  shall  lengthen  its  path  to  the 
level,  or  let  it  follow  the  dotted  line 
between  the  sections ;  still  in  each  pro- 
portion of  length  corresponding  to  the 
level  of  the  vertical  pipe  A  B,  there  will 
be  exactly  the  same  pressures  in  A  B, 
A  C,  and  a  h.  Therefore,  at  any  such  level  or  line  of  equal 
pressure  we  might  place  a  cross-connecting  pipe  J>etween  A  B 
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and  the  other  pipe,  and  there  would  be  no  tendency  for  water  to 
pass  through  it.  Biit  let  a  oonnection  be  made  between, 
say,  2  in  A  B,  and  ;  in  a  &,  and  water  would  pass  along  this  oon- 
nection, from  A  towards  h, 

406.  The  analogy  holds  when  we  consider  A  B,  a  &,  to  be  two 
electric  circuits,  branching  from  one  oonductor  at  A  a«  and  Bh: 
the  potential  is  the  same  at  every  equal 
proportional  part  of  the  resistance,  and  at 
such  points  connections  may  be  made,  and 
there  will  be  no  tendency  for  electricity 
to  pass  across  the  connection,  because,  al- 
though there  will  be  such  a  tendency  at 
each  point,  it  will  be  met  by  an  equal  but 
opposite  tendency  at  the  other  end  of  the 
cross-connection.  A  galvanometer  in  thii 
cross-connection  will  show  no  current  pass- 
ing; an  electrometer  would  show  no  siguB 
of  charge.  This  will  hold  true,  though  the 
one  resistance  be  a  thousand  times  as  great 
as  the  other;  still,  at  the  definite  propor- 
tional points,  equal  pressures  or  potentials 
exist,  and  no  current  can  pass  across.  Fig. 
63  shows  the  lines  of  Fig.  62  arranged  thus 
as  derived  circuits,  forming  part  of  a  main 
circuit  from  a  battery.  If  a  connection  were 
made  between  &^y  of  the  opposed  points  no  current  would 
pass,  and  it  would  divide  the  circuit  A  B  into  the  four  arms  of 
the  bridge,  Fig.  64. 

407.  Construction  of  Bridge. — ^Fig.  64  explains  how  these 
principles  are  applied  in  the  ordinary  bridge. 

The  battery  wires  are  led  to  the  two  screws  from  which  the 
two  branch  circuits  +•  B  E  A  —  and  +•  D  F  C  -  start,  -f-  and  — 
being  points  of  equal  pressure  for  both 
circuits.     E  and  F  are  fixed   points  in 
either  circuit  connected  to  a  galvano- 
meter, which  indicates  a  current  passing 
as  long  as  E  and  F  are  not  equalized. 
It  will  show  no  action  when  the  con- 
ditions of  balance  are  fulfilled.     There 
are  thus  four  branches  produced,   and 
an  opening  is  made  in  eadi  for  the  pur- 
pose of  introducing  such  resistances  as 
will  fulfil  the  conditions  of  balance,   those  conditions  being 
that    the    four    branches  shall  hold   among  themselves  the 
relations  of  the  elements  of  a  Bule-of-Three  sum :  as  long  as 
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ihey  do  this  tlie  relations  may  be  varied  to  suit  each  case.  Let 
TLB  call  the  resistance  in  each  branch  by  the  letter  placed  in  its 
opening.     Then  either 

1.  AsBistoDsoisAtoO. 

2.  As  B     „    A    „    D  „  C. 

It  is  convenient  to  treat  one  of  the  openings  or  branches  as 
the  unknown  resistance  to  be  measured,  and  C  will  be  so  used. 
Then  the  law  is  that  this  resistance  (C)  is  to  the  one  on  either 
side  of  it  as  the  one  on  its  other  side  is  to  the  fourth.  As  a  con- 
Beqnenoe,  when  there  is  balance,  the  battery  and  galvanometer 
may  be  exchanged  in  position  without  disturbing  balance. 

408.  Fig.  65  shows  that  we  have  thus  four  arrangements  at 
disposal: 

1.  Equal  branches  and  equal  circuits. 

2.  Unequal  branches  and  equal  circuits. 

3.  Equal  branches  and  unequal  circuits. 

4.  Unequal  branches  and  unequal  circuits. 

These  figures  show  that  i  is  analogous  to  the  ordinary 
weighing  balance,  and  2  to  the  ordinary  steelyard.  They  show 
also  by  inspection  which  condition  is  the 
beet,  for  throuj^hout  all  nature  it  will  be 
found  that  relations  which  can  be  ex- 
pressed symmetrically  are  superior  to 
those  which  are  irregular.  No.  i  is  the 
best,  and  it  will  always  be  found  that 
measurements  made  with  all  four 
branches  alike  are  most  accurate.  Num- 
ber 2  is  next.  These  are  liable  only  to 
actual  errors  of  instruments  or  observa- 
tions, but  in  3  and  4  those  errors  are 
multiplied  by  whatever  ratio  is  employed. 

409.  The  whole  of  the  principles  are  exhibited  in  Pig.  66. 
The  line  H  E  is  the  theoretical  zero  of  potewtialj  while  the 
vertical  lines  are  scales  of  potential  corresponding  to  A  B,  Figs. 
62,  63,  and  also  mark  the  actual  difference  of  potential  included 
in  the  bridge,  which  is  completed  by  the  points  D  C,  as  shown 
by  the  dotted  lines,  to  complete  the  four  arms  of  the  bridge.  Fig. 
66,  As  long,  therefore,  as  the  position  of  these  points  keeps 
the  line  D  C  horizontal,  that  is,  parallel  to  the  zero  line  H  E, 
these  points  are  equally  related  to  the  scale  of  potential,  and  no 
current  would  flow  along  the  line  D  C,  in  wmch  the  galvano- 
meter is  inserted.    But  if  the  proper  ratios  are  not  maintained 
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between  the  arms,  then  one  of  the  points  D  C  wonld  obvionalT 
be  lower  than  the  other,  and  current  would  flow  to  it.    DC, 


Fio.  66. 


therefore,  exactly  resembles  a  balance  arm  in  the  ordinary  scales 
for  weighing. 

410.  The  galvanometer  should  be  one  of  a  resistance  also 
approximating  that  to  be  measured,  but  very  sensitive,  the 
needle  closely  astatic  and  suspended  by  a  long  fibre.  Of  course, 
this  element  is  not  susceptible  of  much  alteration,  but  for  small 
resistances  a  good  ordinary  astatic  galvanometer  is  best:  for 
large  resistances  the  Thomson's  reflector  is  best  suited.  The 
law  for  arrangement  of  the  galvanometer  resistance  is  that  it 
should  equal  uie  joint  resistances  on  either  side  of  it ;  but  the 
best  use  of  this  law  is  to  show  with  a  given  galvanometer  what 
is  the  most  sensitive  arrangement  of  the  three  fixed  branches. 
There  should  be,  as  shown.  Fig.  64,  a  commutator  in  the 
galvanometer  connection,  in  order  to  prevent  the  needle  from 
being  thrown  about  by  alterations  in  the  branches;  it  also 
enables  us  to  make  contacts  in  time  with  the  rate  of  swing  of 
the  needle,  and  thus  either  to  keep  on  increasing  this  swing, 
and  so  get  a  noticeable  deflection,  or,  by  opposing  the  vibrations, 
to  bring  the  needle  quickly  to  rest.  This  commutator  has  also 
the  effect  of  allowing  any  inductive  actions  (which  for  the 
instant  act  as  resistances)  to  be  completed  while  the  galvano- 
meter is  not  in  circuit,  and  so  prevent  its  beinff  disturbed  by 
them.  There  should  also  be  a  commutator  in  the  battenr 
circuit,  so  as  to  allow  current  to  pass  only  just  when  needed, 
and  thus  avoid  heating  the  wires.  For  a  similar  reason,  as  well 
as  for  economy,  as  small  battery  power  as  possible  should  be 
used.  For  all  small  resistances,  one  or  two  cells  of  a  good 
battery  will  su£Bce,  but  larger  resistances,  of  course,  require 
more,  in  order  to  set  up  a  sufScient  difference  of  potentLEd  in  the 
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wires,  to  allow  a  small  range  of  resistance  to  send  a  current 
through  the  galvanometer.  As  only  momentary  currents  are 
needed,  a  good  manganese  cell  or  two  will  answer,  hut  a 
hichromate  cell,  §  231,  is  generally  useful. 

411.  Fig.  64  is  necessary  to  make  the  principle  of  construc- 
tion clear,  but  the  actual  instrument  need  not  take  that  form  at 
all.  80  long  as  the  two  circuits  are  properly  provided,  their 
connections  may  be  arranged  in  any  way.  Thus  a  board  6  in.  X 
3  in.  and  a  dozen  binding  screws  will  make  a  bridge ;  a  piece  of 
stout  sheet  copper,  2  in.  square,  cut  across  diagonally  and  holes 
drilled  near  each  comer  to  pass  binding  screws  through,  will 
make  the  two  ends ;  and  two  strips  3  in.  long,  each  containing 
three  binding  screws,  will  make  ^e  middle  portion  of  the  two 
circuits.  It  is  still  more  convenient  not  to  set  the  binding 
screws  for  +  and  — ,  E  and  F,  in  their  places,  but  to  take  con- 
necting vdres  from  those  points  and  lead  them  to  a  pair  of 
screws  at  one  end  for  the  battery,  and  a  pair  at  the  other  end 
for  the  galvanometer.  A  still  more  perfect  arrangement  is  to 
lead  one  of  each  of  these  pairs  of  wires  to  a  commutator  fixed  on 
the  stand,  and  from  there  to  the  binding  screws. 

41 2.  The  best  commutator  for  this  purpose  is  one  which  makes 
the  two  contacts  successively  with  one  touch,  as  shown  in 
Fig.  67. 

Fio.  67. 


A  block  of  ebonite  or  dry  wood  is  cut  with  three  steps,  and 
upon  each  is  secured  a  spring,  having  a  stem  passing  tnrough 
the  block  for  a  conductor :  on  the  faces  of  the  upper  two  springs 
are  soldered  platinum  contact  pieces,  and  also  on  the  lower  face 
of  3,  and  the  top  of  the  stud  forming  the  fourth  connection; 
insulating  pieces  of  ebonite  are  cemented  to  the  faces  of  2  and 
J ;  I  and  2  form  part  of  the  circuit  from  one  of  the  battery 
oinding  screws  to  the  +  or  —  point  of  the  bridge,  while  3  and  4 
are  part  of  the  circuit  from  E  or  F  to  one  of  the  galvanometer 
screws. 
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41^.  We  have  thus  an  excellent  skeleton  of  tbe  bridge,  ^wbich 
requires  tlie  means  of  filling  np  the  openings  A  B  D  to  complete 
it :  one  of  these  is,  of  course,  a  resisismoe  coil,  §  397.  For  the 
other  two  openings  we  require  two  equal  or  proportional  renst- 
ances,  which  may  be  mere  lengths  of  wire,  but  should  be  two 
properly  fitted  resistances,  variable  as  required.  The  best  is  a 
set  made  like  the  resistance  instrument  itself^  with  i,  10^  100 
ohms,  and  so  on,  which,  being  made  all  continuous,  require  eoik, 
I,  9,  90,  and  so  on,  with  the  power  of  throwing  the  required 
length  into  circuit.  The  best  plan  is  to  combine  all  these 
resistances  and  the  bridge  in  one  instrument. 

414.  Combined  Bridge  and  Resistances. — Fig.  68  shows  the 
ordinary  post-office  pattern  arranged  to  act  as  a  bridge.  The 
ri^ht-hand  commutator  is  that  of  the  current,  firom  which  it 
will  be  seen  the  circuit  goes  to  the  middle  of  the  upper  line, 

Fig.  68. 


<I)^ 


^A B C, 

,_      1000    NO     W     It      wo     lOM     ^^^^  ^_^ 


which  is  the  two  variable  resistances  ^as  in  B  D,  Fig.  69).  The 
resistances  from  D  to  E  are  the  brancn  A,  Fig.  64,  and  between 
C  and  E  the  branch  C,  the  resistance  to  be  measured.  The  uses 
of  the  instrument  are  the  same  as  that  to  be  next  described. 
When  both  In£  plugs  are  in  place  the  instrument  can  be  used 
as  a  direct  resistance  throughout,  between  C  and  E. 

415.  Decimal  Combined  Bridges. — ^Fig.  69  shows  sudb  an 
instrument,  devised  upon  the  principles  of  §  397.  The  lettering 
of  the  parts  corresponds  to  that  of  Fig.  64,  so  that  it  is  easy  to 
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trace  the  connections  and  the  manner  in  which  they  falfil  the 
conditions  of  the  bridge.  +  and  —  are  the  binding  screws  for 
the  battery  wires,  and  their  connection  may  be  traced  to  + 
within  the  instrament,  and  through  the  commntator  to  —  at 
the  other  end,  these  being  the  points  at  which  the  real  bridge 
(the  derived  circuits^  commences.  B  and  D  are  the  two  variable 
resistances  of  each  circuit,  one  of  which,  D,  is  continued  through 
a,  &,  e,  dy  the  resistance  measure^  ranging  from  x  ohm  to  10,000 : 


Pio.  69. 


the  other  branch  goes  direct  to  E,  and  is  then  continued  to  B, 
which  forms  with  —  the  connections  for  the  resistance  to  be 
measured,  and  thus  constitutes  the  fourth  branch.  The  neutral 
points  E  F  are  connected  to  the  galvanometer  screws,  one  direct, 
the  other  through  the  commutator  to  g,  which  with  E  is  the 
connection  for  the  galvanometer.  The  instrument  is  shown  as 
arranged  for  ordinary  measurements,  as  though  measuring  a 
resistance  of  i  ohm.  By  means  of  the  multiplying  ratios  it 
would  measure  a  million  ohms  or  the  thousandth  of  an  ohm. 
It  may  also  be  employed  as  a  direct  resistance  through  R  and—. 
It  might  be  better  to  divide  the  circles  into  1 1  parts,  so  as  to 
make  each  set  complete  without  throwing  any  others  into  series. 
This  is  done  with  the  single-ohm  set,  as  otherwise  there  would 
always  be  some  difficulty  in  making  up  even  numbers,  and  there 
would  be  I  ohm  short  of  the  10,000.    For  convenience  in  use  it 
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would  be  better  to  place  the  bridge  ooils  B  D  at  the  other  end, 
80  as  to  use  the  left  hand  at  the  commutator,  while  the  right 
made  the  requisite  changes  of  resistance.  It  would  be  an 
advantage  also  to  make  openings  in  the  wires  R  E  and  —  2  in 
which  coils  could  be  inserted,  adjusted  to  balance  the  oonneo- 
tions  when  using  multiplying  ratios. 

416.  The  mode  of  conttruction  is  identical  in  principle  with 
that  described  §  397  ;  but  the  explanation  is  given  here  how  to 
build  up  the  complete  instrument  from  a  single  standard  ohm, 
where  the  maker  has  not  another  instrument  to  oopy.  A 
temporary  bridge,  such  as  is  described  §  411,  is  required,  and 
at  least  four  exactly  similar  wires,  as  conductors  for  use  in  the 
openings  AC.  Two  similar  wires  should  be  soldered  to  F  and  -f 
within  the  instrument,  unless  mercury  cups  or  binding  screws 
are  inserted  there,  as  these  are  the  starting  points  of  the  various 
resistances.  To  avoid  confusion  in  the  lettering,  during  the 
rest  of  this  description  the  letters  which  relate  to  the  temporaiy 
bridge  will  be  enclosed  in  brackets. 

Connect  the  battery  and  galvanometer  to  the  bridge,  and 
place  the  standard  ohm  in  (A)  with  two  long  wires  of  near  an 
ohm  resistance,  and  as  nearly  as  possible  alike  in  (B)  and  (D) ; 
and  in  (C)  a  wire,  which  make  to  balance  the  ohm.  l^ow 
change  the  wires  in  (B)  and  (D)  one  for  the  other ;  if  they 
were  exactly  alike  (A)  and  (C)  should  still  balance  ;  if  they  do 
not,  shorten  one  of  the  wires  (B  D)  till  balance  is  again  pro- 
duced, and  ascertain  the  exact  difference  of  length  necessary  for 
the  purpose ;  shorten  the  wire  by  half  this  length  and  readjust 
(C) ;  now,  if  care  has  been  taken,  balance  will  be  undisturbed 
when  (B  D)  are  again  exchanged.  In  all  cases  this  must  be 
ensured  before  any  reliance  can  be  placed  upon  measures  taken. 
Make  in  (C)  two  exactly  similar  ohm  coils,  which  should  be 
terminateci,  not  with  binding  screws,  but  with  No.  10  copper 
wire,  to  go  into  the  screws  of  (B  D),  and  ascertain,  as  before,  by 
exchanging,  that  they  are  exactly  equal,  as  on  this  will  depend 
the  accuracy  of  the  instrument.  They  may  be  incorrect  ohms  if 
it  so  happens,  but  they  must  he  exactly  aiike. 

These  being  in  (B  D),  connect  the  standard  in  (A)  by  two  of 
the  equal  conducting  wires,  and  by  two  others  connect  (C)  to  F 
and  4-  ^^  the  instrument,  and  adjust  the  coil  of  D  i  to  one 
ohm  exact,  inserting  the  shifting  connection  as  shown.  Then 
insert  the  connecting  wires  from  (C)  in  o  and  i  of  a,  and  adjust 
the  first  ohm  coil,  the  two  ends  of  which  are  soldered  to  those 
connections.  If  mercury  cups  are  used,  this  is  done  by  amalga- 
mating the  ends  of  the  conductors,  and  dipping  them  into  the 
cups,  or  two  of  the  conducting  wires  can  have  plugs  on  one  end  if 
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plugs  are  used.  *  If  other  connections  are  nsed,  a  copper  wire 
should  be  attached  to  each,  long  enough  to  be  conveniently 
attached  to  and  form  part  of  the  conductors.  Bepeat  this  with 
each  of  the  ten  separate  ohms,  adjusting  them  one  by  one. 

Now  disconnect  the  standard  ohm  and  insert  the  two  wires 
from  ^A)  in  a  o  —5  and  those  from  (C)  in  +  and  F  as  before, 
and  aajust  D  5.  Tnen  including  a  o  to  10  in  (A)  make  in  (G) 
two  approximate  lo-ohm  ooils.  Place  these  in  (B  D)  of  the 
bridge,  with  the  same  precautions  as  before  of  exchanging  and 
equfuisine  them,  and  make  a  correct  loohm  coil  for  use  in  (A) 
of  the  bridge.  Using  this  as  the  standard  ohm  was  used,  go 
through  exactly  the  same  stages  as  before,  and  so  adjust  D  10, 
(  I  to  10,  and  D  50.  When  this  is  done,  a  and  h  together  will 
furnish  the  basis  for  a  lOO-ohm  coil,  allowing  in  the  connecting 
wires  for  the  extra  resistance  of  the  fixed  connection  between  a 
and  h.  60  through  the  same  process  with  c  and  d  till  the  whole 
io,cxx)  ohms  are  built  up  and  those  of  D  completed  to  such  extent 
as  is  desired.  The  coils  of  B  may  be  also  adjusted  at  the  same 
time,  and  in  a  similar  manner  with  those  of  D,  by  using  the  E 
connection  instead  of  F ;  but  it  will  be  much  better  to  balance 
them  direct  by  the  instrument  itself  against  those  of  D  by  con- 
necting in  turn  in  B  —  the  standard,  10,  100,  and  1000  ohm 
coils,  and  opening  equal  resistances  in  a,  &,  e,  d»  The  fixed  con- 
nections shown  in  thick  lines  are  secured  to  the  lower  face  of 
the  top,  and  as  they  form  the  closed  circuit  of  no  (measured)  re- 
sistance from  F  to  — ,  they  should  be  of  the  stoutest  copper  con- 
venient, such  as  No.  10  doubled,  as  this  resistance  is  a  source  of 
inaccuracy  with  multiplying  ratios.  See  end  of  §  415.  The 
connection  between  B  and  E  is  to  be  also  of  copper,  and  to 
exactly  balance  the  other  connection,  by  putting  F  —  (the 
movable  connections  being  all  on  o  of  each  set)  in  (A)  of  the 
bridge  and  E  B  in  (0),  and  adjusting  the  length  of  this  to 
balance.  This  should  be  done  before  adjusting  the  coils.  If  all 
is  correct,  with  i  ohm  in  B  and  —  and  one  in  B,  a  &  e  d  ought 
to  balance  the  ohm,  or  such  multiples  as  D  is  set  at  should  be 
required ;  which  last  is  unlikely  to  be  exactly  realized  by  any 
one  not  well  practised  in  adjusting.  In  each  of  the  sets,  care 
should  be  taken  that  any  little  residual  errors  should  be  alter- 
nately opposite,  so  as  to  rectify  each  other  as  the  resistance 
increases,  instead  of  the  error  accumulating.  While  adjusting, 
the  greatest  care  must  be  taken  not  to  hold  the  wires  in  the 

*  In  this  case  it  will  be  desirable  to  have  boles  bored  in  the  segmental 
blocks  (corresponding  to  Fig.  51)  forming  the  ring  of  connections,  by  which 
to  make  direct  connection  to  each  separate  coil.  Screws  may  afterwards  be 
passed  through  these  holes  to  secure  the  blocks  to  the  top  of  the  instruments. 

Digitized  by  VjO* 


254  MBASUBXICEVT.  [417. 

hand,  or  to  expose  them  to  any  unequal  heat ;  and  when  that  ii 
neoeesary,  as  in  soldering,  to  allow  them  to  cool  perfectly, 
otherwise  the  resistance  will  be  wrong. 

417.  In  nsing  this,  or,  indeed,  any  form  of  bridge,  it  is  denr- 
able  to  make  it  a  rule  to  always  connect  the  battery  and 
galvanometer  in  one  way,  so  that  the  deflection  at  onoe  tells 
whether  the  resistance  is  too  great  or  too  small.  When  exact 
balance  cannot  be  obtained,  as  when  part  of  an  ohm  is  required, 
observe  the  opposite  deflections  produced,  with  a  resistance  too 
great,  and  one  too  small :  the  difference  between  them  will  show 
how  much  to  allow. 

418.  The  British  Association  Bridge. — This  is  a  special  form 
devised  for  adjusting  units.  It  is  provided  with  a  length  of 
platinum  iridium  wire,  with  a  scale  and  a  moving  clamp  whidi 
corresponds  to  the  point  +  in  the  previous  figures :  it,  in  fiict, 
by  slightly  moving  on  the  wire,  alters  the  relation  of  B  and  C, 
and  serves  the  purpose  of  the  plan  described  for  correcting 
erroneous  wires.  As  long  as  A  and  C  are  unequal,  the  clamp  has 
to  be  moved  to  one  or  other  side ;  but  when  they  are  made  equal, 
the  clamp  has  to  occupy  the  middle  of  the  scale.  A  full 
description,  with  drawings,  is  given  in  the  'Beports  of  the 
Committee  on  Electric  Standards.' 

There  are  also  a  great  variety  of  forms  made  for  different 
purposes,  but  the  principle  is  alike  in  all. 

419.  Condensers  of  known  capacity  may  be  used  in  the 
branches  instead  of  the  resistances,  and  an  electrometer  in 
place  of  the  galvanometer ;  but  this  plan  is  employed  only  in 
connection  with  long  submarine  cables. 

420.  Variable  resistances  are  extremely  useful  in  many  opera- 
tions in  which  either  a  defined  current  is  required,  or  gradual 
changes  have  to  be  adjusted,  without  actual  measurement. 
For  such  purposes  the  old  rheostats,  §  394,  are  still  usefal,  but 
as  in  altering  lengths  of  wire,  they  have  the  defect  of  causing 
irregular  jumps :  two  wires  can  be  stretched  parallel  to  each 
other,  with  a  sliding  contact-piece  connecting  them,  but  this 
also  gives  irregular  contacts;  either  of  the  following  plans 
gives  a  very  steady  action. 

(a)  A  strip  of  wood  has  two  V  V  grooves  cut  along  it,  as  in 
the  suggested  ohm,  §  385,  which  contain  mercury,  the  one  pair 
of  ends  fitted  with  connections  and  a  sliding  bridge  of  copper 
wire  joining  the  two  grooves  at  any  desired  point. 

(6)  Two  glass  tubes  are  mounted  vertically  upon  a  stand, 
their  lower  ends  containing  copper  rods  attached  to  connecting 
screws:  two  straight  copper  wires  hang  in  the  tubes,  their 
upper  ends  being  solidly  connected  togeSier,  and  fitted  with  a 
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coTd  passing  over  a  pulley  upon  a  frame  double  the  height  of 
the  tubes :  the  tubes  being  filled  with  meroury,  the  raising  of 
the  wires  alters  the  reeistanoe  gradually. 

The  wires  should  be  weU  varnished  all  over  ezoept  at  the 
ends  which  should  be  amalgamated :  carbon  rods  can  be  used 
instead  of  metal  wires,  and  a  series  of  such  pairs  of  tubes 
fitted  upon  a  stand  will  eive  any  convenient  range  by  proper 
selection  of  size  and  material. 

If  desired,  scales  can  be  placed  behind  the  wires,  and  the 
value  of  the  elevations  marked  upon  them. 

This  plan  may  even  be  extended  to  considerable  resistances, 
by  using  tubes  containing  sulphate  of  copper  and  allowing 
electrolysis  to  occur  from  the  wire  ends ;  but  in  this  case  the 
current  should  be  frequently  reversed.  A  similar  variable 
resistance  can  be  made  with  a  long  trough  of  copper  solution, 
with  a  plate  fixed  at  one  end^  and  another  movable  along  the 
length. 
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CHAPTEB  VI. 

CUBREin*. 

421.  In  the  ohapter  on  Measurement,  §§  380-393,  will  be 
found  a  ftketch  of  the  general  prinoiples  of  dynamic  or  cmnent 
eleetricity,  which  are  to  be  fully  worked  out  under  the  different 
heads  of  Force,  Conduction,  and  Current.  It  is  bett^  to  reTorse 
this  order  in  examining  these  details,  because  Current  deals  with 
actual  tangible  facts  in  nature,  while  the  others  are  matters  of 
calculation.  Current  in  Electricity,  as  with  water,  means  the 
rate  of  passage  of  unit  quantity  across  any  section  of  the  con- 
ductor :  its  most  definite  evidence  and  measure  is  the  chemical 
action  produced  (§  160),  which  will  be  more  fully  dealt  with  in 
the  chapter  on  Electrolysis. 

422.  In  the  older  works  on  Electricity  "  quantity  "  currents 
and  ^'intensity"  currents  were  spoken  of,  and  even  now  we 
occasionally  meet  with  such  an  unmeaning  phrase  as  the 
*'  tension  "  of  a  current.  All  such  ideas  which  give  the  impjes- 
sion  of  some  difference  of  nature  in  currents  are  misleading. 
Current,  as  such,  has  only  one  quality,  its  rate :  a  given  conent, 
that  is  one  which  will  produce  a  certain  deflection  in  a  particular 
galvanometer,  or  will  deposit  a  certain  weight  of  metal  from 
a  solution,  is  exactly  the  same  in  its  nature  and  properties, 
whether  it  comes  from  a  large  or  small  cell,  from  a  single  cell, 
or  from  a  thousand  cells  in  series.  But  the  same  current  may 
have  different  effects  according  to  its  density,  that  is  acoording  to 
its  ratio  to  the  sectional  area  of  the  conductor,  or  its  quantity 
per  unit  of  area.  This  influences  the  temperature  generated  in 
vni-es,  and  is  of  supreme  importance  in  electrolysis,  as  mentioned 
several  times  in  the  chapter  on  Batteries.  See  §285.  The 
reason  why  some  of  the  effects  of  Current  vary  as  its  square  will 
be  found,  §  561,  and  the  different  static  stresses  related  to 
currents  are  explained,  §§  402-406.  The  term  irUensity  of  current 
is  explained  §  367,  but  some  writers,  anxious  apparently  to  add 
to  the  confusion  of  terms,  have  taken  of  late  to  using  this 
already  misapplied  teim  in  the  same  sense  as  '*  density  of 
current "  is  used  here. 
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423.  Ohm's  Laws. — These  laws  or  formtilsB  are  nniyersally 
employed  by  electricians,  but  are  not  confined  to  electricity,  for 
if  examined  they  will  be  found  to  express  the  common  funda- 
mental mechanical  laws.  The  relations  established  by  Ohm's 
laws  between  electromotive  force,  resistance,  and  the  current 
and  its  work,  are  simply  the  well  known  laws  of  mechanics  or 
the  relations  between  force,  such  as  gravity,  weight,  and  velo- 
city ;  and  the  laws  themselves  are  merely  mathematical  expres- 
sions. Invaluable  in  dealing  with  the  modes  of  operation,  they 
only  delude  us  if  we  regard  them  as  facts,  and  do  not  clearly 
trace  out  the  reasons  why  they  are  valuable.  The  importance 
of  these  considerations  will  be  evident  if  we  clearly  see  that,  in 
consequence  of  misunderstanding  this,  and  by  converting 
mathematical  formulee,  which  are  nothing  but  mentcd  tools 
(apparatus  for  mechanical  thinking  in  some  sense),  into  actual 
facts  and  theories,  electricians  have  actually  been  led  into  great 
errors  as  to  the  nature  of  the  electric  constants.  To  show  that 
I  am  not  about  to  fight  a  man  of  straw,  I  quote  a  passage  from 
a  lecture  delivered  at  Glasgow  by  that  eminent  practical  and 
theoretical  electrician.  Dr.  Siemens,  on  the  14th  March,  1878. 
Speaking  of  the  possibility  of  utilising  natural  forces,  such  as 
waterfalls  at  a  distance,  he  said  : — **  My  critics  have,  however, 
fallen  into  the  error  of  overlooking  the  fact  that  half  a  unit 
resistance  is  the  same  for  a  circuit  capable  of  working  one  lamp 
as  it  is  for  working  100  or  1000  lamps.  EledricUy  U  not  coti- 
dueted  upon  the  eanditians  appertaining  to  a  pipe  conveying  a  ponder- 
oMe  fluidy  the  resistance  of  which  increeuses  with  the  square  of 
the  velocity  of  flow.  It  is,  on  tho  contrary,  a  matter  of  indi£fer- 
ence  what  amount  of  energy  is  transmitted  through  an  electric 
conductor ;  the  only  limit  is  imposed  by  the  &ct  that,  in  trans- 
mittiDg  electric  energy,  the  conductor  itself  retains  a  certain 
amount  proportional  to  that  transmitted,  which  makes  its 
appearance  therein  in  the  form  of  heat.*'  *  We  have  here  two 
distinct  statements — ist,  that  in  electricity  a  resistance  is  the 
same  to  all  currents  transmitted ;  2nd,  the  sentence  italicized, 
that  currents  of  electricity  and  currents  of  water  depend  on 
different  laws.  Most  electricians  then,  and  many  of  them  now, 
would  endorse  those  statements.  I  dealt  with  them  at  the  time, 
in  the  pages  of  The  Electrician  and  the  English  Mechanic^  and  will 

*  Sir  W.  Armstrong  too,  in  his  address  to  the  Mechanical  Section  of  the  British 
Association,  1881,  says,  ^  In  the  case  of  a  fluid  current  through  a  pipe,  the  resist- 
ance to  the  flow  increases  as  the  square  of  the  velocity,  while  in  the  case  of  an 
electric  current  the  resistance  through  a  given  conductor  is  a  constant  proportion 
of  the  energy  transmitted.  So  far  therefore  as  resistance  is  concerned,  electricity 
has  a  great  advantage  over  water  for  the  transmission  of  power."  ^^  . 
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do  80  now  folly,  becauBe  the  clearing  awav  of  enora  is  doing 

good  servioe  to  science  and  to  my  reaclers.    The  first  I  will  deal 

with  under  its  propr  head,  "  Besistance,"  §  440,  bnt  the  direct 

result  of  the  principles  now  to  be  investigated  will  be  to  pronre 

that  vfoter  in  pipes  and  electriciiy  in  wires  are  conducted  upon  idemHad 

£ 
conditions.    The  fundamental  expression  of  0hm*9  laws  is  -^  =  C, 

which  means  force  (or  more  correctly  "  potential  **)  divided  by 
resistance  defines  the  current,  or  rate  of  flow. 

424.  It  follows  that  any  two  of  the  three  elements,  E,  B,  aod  C, 
being  known,  we  can  calculate  the  third  thus,  using  the  units 
described  § §383-390. 

Current.    E -^  B  =  0.    Foroe  and  resistance  being  known. 

Electromotive  Force.  G  X  B  =  E.  Current  and  resistanoe 
being  known. 

Besistance.  E  -^  C  »  B.  Thus,  with  any  cells  the  force  of 
which  is  known  in  volts,  dividing  this  by  the  current  in  amperes, 
gives  us  the  total  resistance  in  ohms ;  and  if  the  external  resist- 
ance is  known,  by  deducting  this  we  get  the  internal  resistanoe 
of  the  battery. 

Energy  =  G^,  the  square  of  current,  in  unit,  or  unaltered  con- 
ductor, or  G'*  X  B  as  a  general  law. 

It  will  be  seen  that  G  and  B  are  each  the  reciprocal  of 
the  other  multiplied  by  E  :  that  is  to  say,  that  B  and  0  limit 
and  define  each  the  other  under  any  given  conditions  of  E. 

425.  The  usual  expression  of  the  meaning  of  the  formula  is, 
Current  is  as  the  Force  and  inversely  as  the  resistance.  In  order  to 
fix  the  mind  upon  the  ideas  I  wish  to  develop,  I  give  this  modified 
definition.  Current  is  as  the  EMF  (which  is  potential^  §§  74  and 
77)  and  as  the  conducting  capacity.  That  which  in  the  usual 
expression  is  called  resistance^  is  simply  the  reciprocal  of  ihe  oomr 
ducting  capacity,  §  439. 

426.  Acoor£ng  to  these  relations,  G  varies  as  E,  but  energy, 
as  work  or  heat,  which  are  the  true  resistance,  varies  as  E^  that  is 
as  the  square  of  either  G  the  current,  or  E  the  E  M  F  in  unit  or 
any  unaltered  conductor,  and  it  also  varies  as  the  so-called  resist- 
ance, that  is  to  say,  it  is  inversely  as  the  conducting  capacity  of 
circuits.  This  is  precisely  the  ordinary  law  of  mechanics,  say 
in  friction,  where  work  absorbed  is  as  the  square  of  velocity, 
and  directly  as  some  other  element,  such  as  weight. 

427.  The  very  first  point  as  to  which  a  clear  understanding  is 
necessary,  is  whether  these  symbols  E,  B,  and  G  have  any  reali- 
ties behind  them.  Do  they  represent  facts,  and  if  so,  what  facts  ? 
Or  are  they  merely  mathematical  expressions,  simple  tools  of 
thought?    If  the  latter,  we  must  carefully  avoid  the  error  of 
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mistaking  them  for  facts,  leet,  like  the  monster  Frankenstein, 
they  prove  too  much  for  their  creators.  It  will  be  more  conve- 
nient to  examine  this  while  studying  Ohm's  formula  as  a  whole, 
than  to  treat  each  head  singly  in  its  separate  chapter. 

428.  Electromotive  Force. — Is  the  BMF  which  we  symbolize 
by  E,  a  force  ?  Let  us  see  what  idea  we  can  form  of  it.  A  force 
tending  to  set  electricity  in  motion ;  or,  to  use  a  better  phrase, 
to  set  up  that  motion  which  we  call  electricity.  Here  it  will  be 
seen  we  have  two  considerations  presented  to  us :  an  effect,  the 
motion  produced ;  a  cause,  the  force  producing  the  motion.  Of 
these  the  first,  the  motion,  is  of  necessity  an  actual  fact,  though 
we  may  hold  different  ideas  as  to  what  is  the  thing.  But  does 
the  came — the  /orce— exist,  that  is  to  say  as  a  special  force  ? 
There  are  actual  forces  having  real  existence,  such  as  the  various 
attractions  of  which  we  may  take  gravitation  as  the  type :  these 
are,  so  to  speak,  self-existent — we  know  not  their  causes.  But 
there  are  other  agencies  which  we  call  forces,  yet  which  have  no 
actual  existence.  They  are  really  transformations  of  energy, 
and  are  forces  only  in  the  mathematical  sense. 

429.  Development  of  EMF. — When  we  dissolve  zinc  in  a 
batt«rythis  force  makes  its  appearance,  §  147.  It  is  said  by 
some  to  be  due  to  the  contact  of  the  two  dissimilar  metals. 
But  one  thing  is  certain,  this  force  can  do  no  work  unless  it  is 
maintained  by  an  equivalent  supply  of  energy,  and,  as  a  matter 
of  fact  easily  proved,  the  degree  of  electromotive  force  pro- 
duced is  measurable  in  terms  of  the  energy  transformed  in  its 
generation,  which  is  measurable  by  the  heat  set  free  in  the 
chemical  combination. 

But  if  we  expose  the  junctions  of  two  different  metals  to 
heat,  we  find  electromotive  force  set  up  in  degrees  depending 
(i)  upon  some  inherent  property  of  the  metals,  and  (2)  upon 
the  difference  of  temperature  produced,  which  means  in  fact  the 
qucmtity  of  energy  which  can  be  thrown  into  the  circuit. 

Similar  results  are  found  when  we  examine  the  EMF  set 
up  by  dynamo  machines.  It  bears  a  definite  relation  to  the 
energy  expended.  We  find  also  that  though  electromotive  force 
is  constantly  acting  upon  the  circuit,  it  has  no  accelerating 
action.  We  therefore  conclude  that  it  has  no  actual  existence, 
but  is  due  to  conversion  of  energy,  and  that  it  must  in  some 
way  be  equivalent  to  the  energy  which  it  expresses.  The  effect 
of  the  ideas  about  to  be  presented  is,  that  E  M  F  (or  potential) 
is  simply  an  expression  for,  a  measure  of  the  effort  of  energy 
(potential  or  kinetic)  to  take  the  kinetic  form  under  any  par- 
ticular conditions. 

430.  Any  agency  may  he  called  a  force  which  is  capable  of 
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setting  up  motion,  or  altering  the  conditions  of  motion  in  a 
mass  of  matter.  Thus,  if  we  take  a  ball  of  lead  and  let  it  fall, 
motion  is  imparted  to  it  by  gravitation.  We  may  push  the 
same  ball  of  lead  along  a  table,  or  by  muscular  energy  hurl  it 
to  a  distance;  we  may  strike  it,  as  a  cricket  ball  is  put  in 
motion,  by  a  percussive  blow ;  or  we  may,  by  aid  of  a  gun,  set 
it  in  motion  by  means  of  compressed  air  or  by  the  explosioQ  of 
gunpowder.  In  all  these  cases  motion  is  produced,  and  «ne 
may  call  the  agency  in  each  case  a  "  force." 

431.  Mechanico-motioe  Farce. — We  may  embody  all  these  in 
one  expression,  and  say  they  are  due  to  a  ^  mechanioo-motive 
force,*'  the  intensity  of  which  can  be  measured  by  its  capacity  to 
produce  momentum.  Of  course  the  object  of  this  term  is  to 
obtain  an  exact  mechanical  counterpart  to  the  electric  expres- 
sion, but  this  term,  or  something  like  it,  has  actually  been 
employed  in  mechanics.  We  have  then  to  see  whether  this 
mechemical  analc^ue  is  a  force,  or  what  is  its  true  meaning. 

432.  Static  and  Dynamic  Force, — There  are  two  ways  of  treat- 
ing and  measuring  a  "force."  (i)  By  the  prewwre  it  produces. 
TMs  is  a  static  action,  and  it  mec^ures  a  force  as  a  degree^  not  as 
quantity.  A  force  so  regarded  is  an  abstract  property  or  power : 
it  has  no  relation  to  energy  because  it  does  no  work ;  though  it 
has  a  relation  to  potential  energy,  as  explained  §  437  (h).  (2)  By 
the  motion  it  produoes  in  matter,  and  this  again  has  two 
aspects.  I.  Velocity,  which  may  be  general  or  abstract,  as  in 
the  case  of  the  force  of  gravitation  when  expressed  by  the 
ordinary  symbol  ^,  meaning  its  capacity  of  generating  a 
velocity  of  32*2  feet  per  second.  2.  Momenium^  in  which  the 
force  becomes  concrete  and  quantitative  by  the  introduction  of 
unit  mass  of  matter,  and  unit  time.  But  this  is  no  longer  true 
force,  it  is  an  expression  of  energy, — of  the  work  a  force  can  do 
under  unit  conditions.  The  dyne^  §  372,  is  such  a  force,  or  more 
truly  a  mathematical  expression  for  a  unit  quantity  of  force, 
and  it  is  the  same  value,  in  reality,  as  the  erg,  §  374,  the  unit  of 
energy :  they  are  simply  expressions  for  the  two  aspects,  cttu$e 
and  effect,  force  and  work,  which  of  necessity  are  equal. 

43  3.  CfravitaHon  as  a  natural  force  therefore  produoes,  i,  a  static 
pressure,  2,  a  velocity  (say  32  feet  per  second),  3,  a  momentum  in 
a  mass  (say  16  foot-lbs.  per  second).  It  also  produces  acodera- 
tiouy  §  371:  that  is  to  say,  acting  continuously,  its  effect  is 
accumulative.  This  property  would  be  important  in  a  treatise 
on  mechanics,  but  does  not  necessarily  enter  into  the  electric 
treatment  of  force;  its  effects  are  included  in  the  actual 
velocity  and  momentum  generated.    But  it  may  be  well  to 
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point  out  that  the  ordinary  conception  of  gravitation,  as  dne  to 
the  attraction  of  the  earth  for  movable  bodies,  is  misleading, 
because  it  leaves  out  of  sight  the  part  played  by  the  second 
body  itself.  The  effect  of  tiiis  is  that  while  we  can  express  a 
spring  or  steam  force  as  a  pressure  of  so  many  pounds  per 
square  inch,  we  cannot  so  express  gravitation  per  se.  We 
shall  deal  with  such  a  pressure  presently  as  ^*  head  of  water," 
but  this  is  a  compound  expression.  Besides  the  attraction  of 
the  earth,  it  includes  that  of  the  water  itself,  that  is,  its  own 
weight  (or  more  properly  mass).  Of  course  it  is  perfectly 
known  that  this  attraction  is  really  that  of  the  two  masses, 
earth  and  body ;  it  is  only  the  common  way  of  thinking  that  I 
refer  to,  which  reacts  even,  upon  science.  In  our  utter  ignorance 
of  the  real  cause  of  gravitation,  we  fix  our  ideas  upon  the  mere 
masses  of  matter,  and  satisfy  ourselves  with  the  statement  that 

M  X  M* 

it  is  — IP — ,  and  in  that  formula  we  bury  away  the  agency 

itself,  the  most  perfect  representation  we  can  find  in  nature  of 
an  omnipresent  consciousness.  That  formula,  like  the  identical 
ones  for  electricity,  p.  ^4,  and  for  magnetism,  p.  109,  shows  that 
these  so  called  quantities  are  nothing  but  the  stresses  or  attrac- 
tions exerted  by  forces. 

434.  We  wind  up  a  spring,  and  we  know  we  have  stored  our 
work  in  it.  We  wind  up  a  weight,  and  we  know  we  have 
stored  our  work  in  it.  We  speak  of  "potential  energy"  in 
both  cases,  but  in  how  different  a  manner  do  we  think  of  the 
two  agencies  of  storage :  one  seems  real  and  the  other  mythical : 
the  one  we  call  energy  of  stress,  molecular  strain ;  the  other  we 
call  energy  of  position.  But  let  us  conceive  a  powerful  spiral 
spring  attached  to  a  rope,  passing  over  a  pulley  and  thence  to  a 
winch  by  which  the  spring  can  be  strained,  or  wound  up. 
We  have  here  a  tangible  agent  to  deal  with.  We  see  the 
strained  spring,  and  we  know  that  the  spring  by  virtue  of  that 
strain  will  return  us  our  energy  by  doing  work  equivalent  to 
that  employed  in  generating  the  molecular  stress.  But  we 
replace  the  spring  by  a  mere  weight  which  we  wind  up, 
and  then  we  talk  of  energy  of  position.  It  should  be  clearly 
realized  that  the  two  conditions  are  identical :  in  winding  up 
the  weight  we  have  in  some  way,  wholly  unknown  to  us,  put  a 
stress  upon  the  earth  and  stored  energy  just  as  certainly  as  in  the 
spring.  We  do  not  know  how,  but  in  some  way  the  force  of 
gravitation  is  as  surely  an  expression  of  energy  stored  up  in 
matter,  as  is  the  attraction  exerted  between  two  charged 
electric  surfEM^es  across  the  strained  dielectric  which  is  expressed 
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by  the  same  formnlsa,  §  71,  and  in  the  equivalent  magnetic  law 

§  134- 

The  mode  of  storage  may,  however,  be  still  molecular  stress,  as 
in  the  spring,  for  a  raised  weight  always  exerts  a  pressure.  Even 
while  hanging  from  a  rope,  in  which  it  sets  up  stress,  its  weight 
is  finally  transferred  as  pressure  to  the  mechanism  which  holds 
the  rope. 

43;.  The  most  convenient  illustration  of  the  mechanical 
effects  of  force,  especially  as  connected  with  the  study  of 
electricity,  is  to  be  found  in  "  hydraulics/'  that  is  to  say  in  the 
currents  of  water  produced  in  pipes  by  the  force  of  gravitation, 
which  force  is  expressed  as  *'  head  of  water ;  "  that  is  to  say,  as 
the  height  of  a  column  of  water,  supposed  to  have  an  unlimited 
supply,  which  is  capable  of  producing  the  required  effects: 
head  of  water  is  in  fact  the  product  of  the  attractions  exerted 
between  ** earth''  and  each  particle  of  water  in  the  column, 
and  therefore  of  the  mass  contained  in  say  a  column  of  unit 
area.  As  the  unit  fall  due  to  gravity  is  16*1  feet  in  unit 
time,  I  second,  it  is  oonvenient  to  treat  that  column  as  ^  unit 
head."  Hydraulics  are,  however,  only  one  form  of  mechanical 
all  of  which  may  be  related  to  the  fall,  or  motions  due  to 
gravity. 

436.  Laws  of  Fallinq  Bodies. — Gravity,  as  an  accelerating 
force,  generates  a  velocity  Y  of  32 ' 2  feet  per  second,  producing, 
therefore,  an  actual  motion  of  16*1  feet  per  second.  For 
present  purposes  it  will  be  oonvenient  to  use  the  round  nomherB 
16  and  32.  From  this  it  is  evident  that  a  vertical  pipe  of  one 
inch  section,  open  at  the  bottom,  and  supplied  from  a  reservoir 
16  feet  high,  would  deliver  a  stream  of  water  of  16  feet  per 
second,  neglecting  any  effect  of  friction.  But  this  would  not 
be  the  proper  current  supplied  under  unit  head  of  16  feet,  as 
the  water  is  not  all  under  the  full  head,  and  the  pipe  holds  it 
back.  To  have  the  true  "head  of  water,"  and  its  proper 
velocity,  we  must  have  a  vertical  supply  so  large  in  section  as 
to  allow  the  water  to  descend  in  it  with  very  small  '•  velocity," 
though  it  will  have,  of  course,  the  full  "  momentum,"  which  is 
transferred  to  and  retained  by  the  water  actually  issuing.  If 
in  the  side  of  this  supply  pipe  or  reservoir  we  have  an  opening 
of  one  inch  circular,  the  water  wotdd  issue  from  it  with  a 
velocity  of  32  feet  per  second  (ignoring  any  effects  due  to  the 
nature  of  the  opening).  That  is,  it  would  deliver,  per  second, 
a  stream  of  32  feet  long  and  one  circular  inch  in  area,  or 
302  cubic  inches,  which  is  1*08  gallon  per  second.  We  can 
extend  this  into  a  general  view  of  the  force,  energy,  and  water 
currents  due  to  gravity,  or  to  any  pressure  whiohgenerates  the 
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same  Telocitiea  as  gravity.  For  this  purpose  I  have  arranged 
the  table  of  *|  Force  of  Gravity  and  Velocity,"  which  exhibits 
many  mechanical  principles  besides  those  to  be  considered  now. 

Force  of  Gravity  and  Velocity. 


Time  in 

Velocity. 

Space  Traversed.    Ehergy. 

VL  -1- 16 
gives 
nttio 

to  unit. 

a/  vn. 

which  is 

^  Head 
in  uniti. 

SeooDtls^ 

+  per 
seooniL 

Total. 

Acquired.      JJj,. 

Total 

L 

IL. 

III. 

IV.         1     V. 

VL 

VIL 

VIIL 

33 

64 

96 
128 
160 
192 

Vxma^e. 

16 

33+16 

64+16 

96  +  16 

128  +  16 

160+  16 

Energj 

V«  X  DM 

a 

16 

48 

80 

112 

144 

176 

r 

ue 

16 

64 
144 
256 
400 
576 

Head  of 
Water. 
Foot- 
pounds. 

I 

4 

9 

16 

li 

Square 
ottime. 

Foroa. 

;|.37.  The  meaning  of  this  table  is  as  follows : — 
a)  Force^  when  reduced  to  units,  means  one  second's  action, 
therefore  the  units  of  force  exerted  are  €u  the  times  in  seconds, 
CoLI. 

(h)  The  unit  force  here  is  one  generating  a  velocity  of  32  feet, 
therefore  we  have  Col.  L,  times  or  units  of  force,  each 
separately  shown,  Col.  IL,  and  accumulated  in  Col.  III. 

Jo)  Momentum  is  velocity  x  mass :  taking  i  lb.  as  unit  mass, 
.  III.  gives  us  momentum,  or  quantity  of  motion  acquired. 

(d)  Energy  is  (i)  mass  X  space  fallen,  so  we  have  the  incre- 
ment per  second  16,  added  to  the  acquired  velocity  in  Col.  IV., 
showing  the  gain  per  second,  Col.  V.,  and  giving  the  total. 
Col  VI. 

(«)  Energy  is  (2)  mass  x  half  the  square  of  the  velocitv. 
This  is  often  expressed  as  V*  X  J  mass,  but  while  correct  in 
arithmetical  result,  this  is  a  misleading  statement.  Half  mass 
can  have  nothing  to  do  with  the  result,  which  is  due  to  the 
fact  that  unit  energy  16  is  only  half  of  unit  velocity  33. 

(/)  Hence  energy  is  as  the  square  of  the  time,  6^  =  36 
X  16  =  576,  as  shown  Col.  VII.  X  16.  Now  as  the  time  = 
units  of  force  (a),  we  have  the  evidence  that  the  mathematical 
expression  of  tbroe  is  based  upon  the  square  root  of  the  corre- 
sponding energy.    This  is  an  inevitable  result  of  the  equality  of 
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caiifie  and  effect,  although  the  statement  may  be  heretical  in 
form,  because  it  expresses  a  truth,  as  do  manj  heresieB»  in  a 
different  form  from  the  dogmas  of  the  orthodox. 

(g)  But  head  of  water  is  as  the  "height  of  the  oolmnn,'* 
which  is  also  the  "  space  fallen."  Col.  VI.  therefore  gives  us 
*'  head  of  water "  corresponding  to  the  spaces  dealt  with,  and 
dividing  this  by  16,  the  unit  nead  or  space  in  feet,  it  gives 
us  the  various  corresponding  data  expressed  in  **  units,"  in 

Col.  vn. 

(A)  Assuming  that  the  area  of  the  oolumn  is  such  that  i  foot 
in  height  =  i  lb.  in  weight,  or.  generally,  that  i  lb.  mass  is 
falling  through  the  height,  Col.  VI.  gives  us  by  (d)  the  energy, 
either  kinetic  or  potential.    See  §§  432  and  (o). 

(t)  As  Col.  VI.  is  the  weight  of  such  a  column  {h\  it  gives  us 
the  force  defined  by  the  static  pressure  exerted  §  432,  but  it 
shows  us  that  this,  which  I  have  called  the  *'  abstract  foroe,"  is 
something  different  from  the  "  force  "  expressed  in  units. 

(h)  The  fundamental  law  of  hydraulics,  that  is  of  *'  current " 
in  the  case  of  water,  is  that  the  velocities  (that  is  currents)  are 
always  as  the  square  root  of  the  heads.  CoL  VII.  gives  us  the 
"  heads  "  expressed  as  units  of  16  feet,  therefore  the  square  roots 
of  these  give  us,  in  Col.  VIII.,  the  relative  velocity-generating 
power  of  the  several  heads,  corresponding  to  successive  times  in 
seconds,  or  number  of  units  of  force  (a). 

(2)  This  square  root  of  head^  Col.  Vtll.,  is  then  the  same  thing 
as  the  number  of  units  of  force  acting,  Col.  L,  and  ooncentrated 
on  the  one  action  or  mass.  But  it  does  not  oorrespond  to  the 
static  pressures  of  Col.  VI.  and  VII. 

(in)  But  it  is  evident  that  the  two  definitions  of"  Force,"  §  452, 
must  correspond :  it  is  impossible  that  the  mathematical  f<Hrmule, 
however  much  they  may  disguise  the  physical  causes,  should 
incorrectly  represent  the^  facts.  Expressed  in  *'  dimensiona^" 
§380, 

Attraction  or       )  .    L  __  ML 

Force  at  a  point  f  ^  f^  ^^"*  "    "      T^ 

Acceleration  is  also_  Enerev    .. 

Velocity  is    ..      ..    —  Momentum     

^  T  T 

That  is  to  say,  the  introduction  of  mass  M  converts  the  abstract 
ideas  or  powers,  acceleration  and  attraction,  into  the  concrete 
idea  of  a  quantity  of  force,  and  velocity  into  momentum,  while 
energy  or  vis  viva  is  as  the  square  of  the  space  through  which 
the  force  acts,  which  is  precisely  the  same  result  as  (/)  above. 
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(nS  When  a  current  of  water  is  being  actually  produced,  that 
is  while  the  attraction  of  the  earth  is  converted  into  Dynamic 
Force,  ike  pressure  in  the  pipe  iooM  not  be  that  shoum  Cols,  VL  and 
VIL^  but  would  be  lowered  to  correspond  with  the  definitions 
in  (m). 

(o)  Therefore  the  vertical  pressure  of  the  head  of  water, 
though  it  is  the  abstract  force  (t),  is  not  the  mathematical  unit 
force.  It  gives  us  the  potential  energy  corresponding  to  this  force, 
if  we  consider  the  area  of  the  column  to  be  such  as  makes 
I  foot  in  height  weigh  i  lb :  thus  we  have  the  potential  energy 
in  foot-pounds  in  CoL  VI.,  and  in  units  of  i6  foot-pounds  in 
Col.  VIL 

(jj)  What  then  is  this  Jbrce,  which  =  momentum-gene- 
rating  power  and  also  =  VHead,  and  therefore  of  necessity  = 
^  potential  energy  ?  It  is  the  thing  described  as  Mechanico-Motive 
Farce  (431),  and  therefore  we  may  symbolize  it  by  M  in  italics, 
to  prevent  the  reader  from  confusing  it  with  M  as  used  for 
mass  in  the  dimension  formulae. 

438.  But  mechanico-motive  force  Jtf  is  the  analogue  of  electro- 
motive force  E,  and  so  also  Current  in  Electricity  is  the  analogue 
of  momentum  in  mechanics,  for  unit  quantity,  as  the  coulomb, 
replaces  unit  mass,  or  the  pound  in  momentum,  and  a  current 
of  electricity  means  so  many  coulombs  per  second,  just  as  a 
current  of  water  means  so  many  pounds  of  water  per  second. 
Now  B  M  F  is  the  dynamic  equivalent  of  potential,  and  therefore 
potential  (from  the  present  point  of  view,  as  representing  If, 
Col.  VIII.)  is  the  square  root  of  Col.  VII.,  head  in  units.  It  is 
really  the  square  root  of  the  potential  energy,  and  here  we  may 
find  the  explanation  of  the  conflicting  definitions  and  ideas 
about  potential.  The  favourite  definition  of  the  mathematician, 
§  76,  is  that  "potential"  is  the  work  spent  upon  a  unit  of 
electricity  in  bringing  it  from  an  infinite  distance ;  this  makes 
it  as  the  potential  energy,  not  as  its  square  root.  Then  Prof. 
Baynes  fp.  60)  says  that  the  dimensions  of  electrostatic  potential 
are  those  of  square  root  of  force  and  also  those  of  work :  the 
table  shows  that,  from  the  present  point  of  view,  Jf  is  the  square 
root,  both  of  the  static  pressure  before  action,  and  of  the 
potential  energy. 

From  the  present  point  of  view,  potential  (as  including  both 
M  mechanico-motive  force  and  E  electro-motive  force,  represents 
the  number  of  units  of  the  artificial  force  of  the  mathematician, 
— force  expressed  as  a  quantity — concentrated  upon  the  act  of 
generating  a  given  momentum,  in  unit  mass,  or  what  is  the  same 
thing,  a  given  velocity  in  a  defined  or  unit  quantity ;  Col.  VIII. 
of  the  table  shows  this,  as  the  figures  are  the  same  as  the 
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**  tunes  "  Col.  I.  whicli  are  as  the  units  of  *^  force  **  which  have 
been  accumulated  on  the  unit  "  mass "  (or  quantity)  paasmg 
through  the  spaces  of  Col.  VL  and  VII. 

439.  There  is,  however,  another  way  of  regarding  this  subject^ 
which  will  be  found  in  the  chapter  on  Electromotive  Foroeu 
Then  electric  potential  will  be  found  to  express  the  poieniud 
energy^  and  not  its  square  root,  because  the  E  M  F  m  volts 
generated  by  a  chemical  motion  will  be  seen  to  vary  directly  as 
the  potential  energy  converted  into  electric  energy.  It  is  a 
curious  result  of  the  construction  of  Ohm's  formulse  that  the 
fundamental  elements  E  C  and  E  may  be  considered  as  related 
to  energy  either  directly  or  as  its  square  root,  and  that  hoik  tcoys 
will  he  correct ;  apparently  inconsistent,  each  is  true  and  uaefiil. 
This  is  really  the  cause  of  much  misconception,  beoanse  it  is 
never  explained,  though  we  may  find  here  the  reason  that  the 
symbol  E  does  correctly  represent  both  the  reciprocal  of  con- 
ductivity, varying  as  0  and  energy  expended,  varying  as  C  as 
shown  §  442. 

440.  Ourrentj  therefore,  is  in  water  as  If  and  in  electricity  as  E, 
which  we  may  call  "  potentiaL"  Now  it  is  evident  that  if  a 
given  current  of  water  flows  through  a  pipe  of  i  inch  sectional 
area,  an  equal  current  will  flow  through  a  second  and  a  third 
such  pipe,  and  that  it  makes  no  difference  whether  we  use  sudi 
separate  pipes  or  unite  their  capacities  in  one  pipe  of  2  or  3 
times  the  capacity.  But  pipes  have  another  property  besides 
allowing  water  to  pass  through  them.  They  offer  a  resistance, 
a  friction  which  absorbs  energy  and  converts  it  into  heat. 
Electric  conductors  have  precisely  the  same  properties,  but  with 
a  difference  as  to  the  way  in  which  energy  is  absorbed.  In 
pipes  this  is  twofold,  i,  Skin,  or  surface  friction,  dependent  on 
the  nature  of  the  pipe,  varying  of  course  aa  the  surface,  that  is 
to  say  as  the  diameter,  or  square  root  of  the  sectional  area,  a. 
Viscosity  of  the  water  itself,  which  necessarily  varies  as  the  area 
or  mass  of  liquid.  In  electric  conductors  there  is  only  a  friction 
analogous  to  this  latter,  due  to  the  molecular  motions  which 
constitute  the  current.  In  each  case  also  the  absorbed  energy 
increases  as  the  lengths,  and  as  the  square  of  the  current.  This 
subject  will  be  studied  in  the  chapter  on  Eesistance  :  for  present 
purposes  it  is  sufficient  to  say  that  the  difficulty  may  be  got 
over  by  considering  conductors,  not  as  a  whole,  not  as  a  pipe  or 
wire  of  such  a  diameter  or  area,  but  as  consisting  of  so  many 
parallel  unit  conductors  or  pipes,  in  each  of  which  similar 
actions  occur,  and  having  a  unit  length.  In  this  manner  we 
can  conceive  a  conductor  of  unit  area  or  section  and  length 
absorbing  unit  energy  while  unit  current  is  passing. 
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This  gives  ns  a  conductor  of  unit  capacity j  offering  unit  resisU 
ance. 

It  is  obvious  that  tlie  laws  of  transmission  must  be :  i,  Ourreni 
is  as  capacity  ;  that  is  to  say,  directly  cut  area,  which  is  as  d^j  the 
square  of  diameter.  2,  Current  is  inversely  as  resistance.  3,  Re- 
sistance (true)  is  as  length  and  as  the  square  of  the  current,  or 
which  is  the  pame  thing  otherwibe  arrived  at,  as  the  square  of 
If  or  E  (the  potential). 

441.  The  result  is  that  Current  is  as  Force  (potential)  JIf  or  E, 
and  as  Capacity,  which  we  may  symbolize  as  A,  giving  us  C  = 
If »  or  Ex  A.  This  is  the  natural  truth  which  is  disguised 
under  Ohm*s  formulae,  §  424,  C  =  E  -r-  R.  Why  divide  instead 
of  multiply?  In  arithmetic  it  is  indifferent  whether  we  multiply  hy  a 
figure  or  divide  hy  its  reciprocal.  If  we  therefore,  for  the  moment, 
consider  R  as  meaning  the  reciprocal  of  A  (that  is  i  4-  A),  it  is 
obvious  that  E  x  A  and  E  -=-  R  ^^re  precisely  the  same  thing. 
But  using  the  reciprocal  and  the  division  process  has  this 
advantage :  we  have  an  inverse  value  to  employ,  the  true  Resist- 
ance, §  J90,  the  work  done  in  the  conductor,  and  this  is  a  value 
which  the  system  of  units  expresses  in  the  unit  ohm,  §  384,  as 
the  work  expended  in  the  unit  conductor,  which  therefore,  being 
itself  an  inverse  value,  is  directly  expressed  by  the  reciprocal  of 
the  conducting  capacity. 

442.  Therefore  the  symbol  R  conveys  two  distinct  things : 
I,  The  arithmetical  artifice  of  the  reciprocal  of  capacity ;  and  2, 
The  work  expended  by  unit  current ;  and  these  two  are  summed 
up  in  the  term  "  Resistance  "  as  used  by  electricians.  The  result 
is  that  while  the  actual  work,  the  true  resistance,  does  increase 
as  the  sqttare  of  the  current,  the  formula  works  it  out  truly  by  the 
direct  number,  because  the  current  itself  increases  as  £.  This 
embodies  energy  as  the  square  of  E,  §  437  (/)  and  (p) ;  therefore 
we  have  both  cause  and  effect  expressed  by  the  square  root  of 
the  energy  related  to  them. 

443.  Here  then  we  have  the  explanation  of  the  common 
statement  that  electric  resistance  is  equal  for  all  currents,  that 
is  to  say,  an  ohm  is  i  ohm  resistance  for  i  ampere  or  20.  This 
the  first  statement  quoted,  §  423,  applies  to  the  arithmetical 
value,  the  reciprocal ;  for  a  unit  conductor,  pipe  or  wire,  has  the 
same  capacity  for  all  currents ;  that  is,  it  will  permit  i  unit 
current  to  pass  under  i  unit  force  or  20  under  20  units,  §  440. 
But  none  the  less  it  will,  for  hoih  water  and  electricity,  retain  in 
Mr.  Siemens'  words  "  a  certain  amount  of  energy  proportional 
to  that  transmitted : "  and  that  is,  for  electricity  exactly  as  for 
water,  in  the  ratio  of  the  **  square  of  the  velocity  of  tiow." 

I  have  dwelt  so  fully  on  this  Subject  because  I  have  found  that 
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it  is  a  great  difficulty  to  most  people,  and  because  all  electrical 
books  dwell  upon  the  artificial  formulsB,  and  never  explain  the 
natural  truth  which  underlies  them,  and  which  in  confleqnence 
they  replace.  There  may  seem  to  be  some  difference  between 
the  statements  here  and  those  in  §§  76-78  and  §§  367-381.  This 
is  due  to  the  fact  that  while  these  later  ideas  are  simple 
developments  of  the  former,  yet  the  connection  between  tiie 
conceptions  of  force  and  potential  set  forth  §§  435-457  wm 
only  perceived  after  the  earlier  parts  were  printed,  and  tneiefore 
it  was  necessary  to  go  over  the  same  ground  again  to  some 
extent  in  this  chapter. 

444.  Hydraulic  Analogy  of  Current. — As  stated  §  440,  it 
is  difficult  to  present  water  pipes  so  as  to  perfectly  oorrespond 
with  electric  wires.  It  is  also  impossible  to  work  ont  water 
currents  by  a  formula  corresponding  to  Ohm's,  when  treating 
them  as  derived  from  head  of  water,  or  as  familiar  to  us  in  the 
network  of  water  supply  pipes.  In  this  case  the  water  it^lf 
runs  away,  but  the  electricity  does  not,  and  carries  energy  with 
it,  while  with  electricity  the  energy  is  wholly  in  the  drauL 
Consequently  in  water-works  the  force  has  to  have  two  expres- 
sions, one  for  the  work  done  in  the  pipes,  and  the  other  for  the 
issuing  velocity  which  has  no  analogue  in  electricity.  But 
there  exists  a  much  closer  analogy  in  the  case  of  a  hydraulic 
system  for  doing  work,  such  as  actuating  the  cranes  in  a  dock- 
yard. Here  we  have  a  closed  circuit  in  which  the  water 
circulates,  closely  resembling  the  electric  circuit,  in  which  the 
engine  and  pump  correspond  to  a  galvanic  battery.  Fig.  70 
illustrates  this  analogy. 

L  is  the  pump  actuated  by  the  steam  cylinder  S ;  0  being 
the  outlet,  and  Z  the  inlet ;  these  are  connected  by  a  continuous 
pipe  provided  with  the  means  of  connecting  T,  a  turbine  or 
cylinder,  which  may  be  made  to  do  work  by  the  pressnre  deve- 
loped at  the  pump. 

L  is  also  the  galvanic  cell,  of  which  C  and  Z  are  the  plates, 
and  the  pipe  becomes  a  wire  transmitting  the  current  from  + 
to  — ,  or  in  the  same  directions  as  the  arrows  marking  the 
flow  of  water.  T  is  an  electro-magnet,  or  decomposition  cell, 
or  any  apparatus  in  which  work  is  to  be  done. 

To  carry  out  the  analogy  we  must  conceive  E  to  be  a  steam 
pipe,  conveying  steam  of,  say,  10  lbs.  pressure,  at  such  a  rate  as 
to  fill  the  cylinder,  and,  therefore,  work  the  pump  sixty  strokes 
per  minute  when  T  is  disconnected. 

E  now  exactly  represents  the  electromotive  force  of  the  cell ; 
each  filling  of  the  steam  cylinder,  one  equivalent  of  chemical 
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action  on  the  zinc;  eacli  filling  of  L,  one  equivalent  of 
mechanical  or  electrical  action.  The  two  ideas  are  now  exactly 
pandlel ;  for  each  stroke  of  the  mechanical  action,  fast  or  slow, 
a  £xed  quantity,  or  current  of  water  flows  through  the  pipe,  and 
the  same  quantity  will  pass,  in  the  same  time,  across  every 
section  of  tne  circuit ;  so  for  each  unit  of  Z  dissolved,  a  current 
equivalent  to  one  unit  will  flow  through  the  wire,  whether  the 
zinc  be  dissolved  quickly  or  slowly,  and  there  is  exactly  the 
same  **  current "  or  quantity  in  given  time  at  every  section  of 
the  circuit 

Fig.  70. 


Now  let  T  he  placed  in  the  circuit  and  made  to  do  work. 

This  is  increased  resistance.     The  strokes  of  the  pump the 

consumption  of  zinc — therefore,  the  current  in  either  case  will 
diminish.  Exactly  the  same  laws,  precisely  the  same  formulee, 
will  govern  the  rate  of  decrease,  mechanical  or  electrical. 

When  a  certain  point  of  diminution  is  attained — i.e.  a  certain 
resistance  interposed  at  T — the  pump  or  battery  will  be  over- 
powered, and  to  do  work  we  must  increase  the  electromotive 
force  or  the  steam  pressure. 

In  both  cases  we  see  the  current  is  uniform  at  every  part  of 
the  circuit,  and  also  it  would  be  exactly  equal  in  measure, 
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estimated  by  galloiis  of  water,  and  by  galvanometer  degrees, 
whether  60  strokes  per  minute  were  made  by  10  lbs.  steam,  or 
one  equivalent  of  action  effected  against  small  resistance — Le. 
on  short  circuit,  or  whether  T  was  doing  work  so  great  as  to 
require  100  lbs.  steam  pressure— or  10  cells  of  the  batteiy  to 
maintain  the  rate  of  current  flow. 

But  would  the  mechanical  or  electrical  conditions  be  all  the 
same  ?  would  the  two  currents — equal  in  quantity — ^be  alike  in 
all  their  properties  ?    Most  certainly  not. 

If  we  applied  pressure  gauges  to  the  pipe  on  the  -f-  side,  we 
should  find  a  pressure  diminishing  as  we  reached  the  middle; 
on  the  —  side  we  should  find  a  vacuum^  or  ~  pressure,  and  we 
should  find  the  sum  of  those  two,  at  equal  distances  from  the 
pump,  would  represent  the  mechanical  force  available  between 
them,  which  would  be  equal  also  to  the  friction  or  other  resist- 
ance in  the  intervening  space.  Thus,  two  pressure  gauges,  at 
the  inlet  and  outlet  of  T,  would  vary  according  to  the  amount 
of  work  T  was  doing,  and  when  this  was  so  great  as  to  need 
100  lbs.  steam  to  maintain  the  60  strokes  per  minute,  a  gauge  at 
+  outlet  would  show  ten  times  the  pressure  it  would  when 
10  lbs.  sufficed,  though  exactly  the  same  "quantity"  of  water 
passed  in  both  cases. 

Difference  of  pressure,  then,  or  sum  of  -j-  and  — ,  pressure  and 
vacuum,  is  the  measure  of  work  in  the  hydraulic  current,  or 
resistance  intervening.  It  is  exactly  tne  same  with  the 
galvanic  current:  mechanical  pressure  and  electric  potential 
correspond,  as  shown  §§  405-409,  while  the  electrometer 
replaces  the  pressure  gauge  and  measures  the  electric  potential, 
p.  56,  as  the  gauge  does  the  mechanical  potential  corresponding 
to  pressure  §  435  (n). 

445,  Units  of  Current. — The  ampere  is  described  §  386.  It 
is  not  yet  known  with  certainty  what  is  the  true  value 
chemically  of  the  ampere  and  coulomb,  §  387.  Weber's  early 
determination  was  ' 000097 6  ^^  ^  gramme  of  water  decomposed; 
later  on  the  recognized  value  became  ' 000092,  upon  which  are 
based  the  values  used  in  this  work;  recently  Mascart  has 
revalued  it  at  '00009373;  but  Lord  Eayleigh  says  that  the 
appearance  of  accuracy  in  his  process  is  delusive,  so  that  it  does 
not  seem  worth  while  to  alter  the  accepted  value  till  the 
matter  is  fully  decided.  This  gives  the  value  of  the  coulomb, 
and  therefore  of  i  ampere,  as  gramme  of  hydrogen  *  00001022, 
from  which  it  can  be  calculated  for  any  other  substance  by 
multiplying  by  the  equivalent  of  the  substance,  or  the  value  in 
grains  can  be  used,  '000158.  The  table,  p.  319,  gives  fall 
particulars. 
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The  chemic  used  in  these  pages,  §  159,  represents  i  grain 
^vreight  of  hydrogen  in  10  hours,  and  therefore  an  ampere 
current  is  equal  to  a  current  of  5  '68  chemics.  The  reasons  for 
naiiig  this  special  unit  are  given  §  366.  It  can  be  employed 
^th  the  usual  formulae  of  Ohm,  b^  multiplying  the  E  M  F  in 
volts  by  5-68,  when  with  a  Darnell  cell  E  would  be  called 
6*  1287  instead  of  i  "079. 
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CHAPTER  VII. 

CONDUCTIVITY  AND  RESISTANCE. 

446.  These  terms  are  the  oonTerBe  of  each  other,  but  there  if 
this  important  difference — Besistance  is  absolute  and  measnrable 
in  standard  or  other  definite  units.  Conductivity  is  only  relative 
or  abstract ;  though  it  is  usually  stated  as  relative  to  copper  as 
a  standard,  still  this  is  only  relative,  as  it  fixes  no  dimensiona. 
Conductivity  can  be  ascertained  only  by  ascertaining  the  actual 
resistance  in  a  given  case ;  then  by  calculating  what  would  be 
the  resistance  of  pure  copper  in  like  conditions,  we  obtain  the 
relative  conductivity  of  the  substance  examined.  Conductivity 
must  not  be  confused  with  conducting  capacity ,  §§  440,  441,  whi(^ 
is  the  power  of  a  definite  circuit  to  transmit  current. 

Specific  Conductivity. — Under  the  same  conditions  of  dimen- 
sion, different  substances  have  different  capacities  for  trans- 
mitting current;  that  is  to  say,  different  molecoles  differ  in 
their  relation  to  electricity  as  they  do  to  heat.  This  relation  is 
most  easily  measured  as  a  "  resistance  "  of  a  fixed  dimension : 
a  unit  of  dimension,  now  much  employed  in  conneotion  with 
the  C  G  S  system,  is  i  cubic  centimetre,  used  as  in  CoL  III.  of 
the  Table  of  Besistances,  p.  283,  where  '* specific  resistance"  is 
given  in  the  C  G  S  units  of  resistance  per  cubic  centimetre  of 
the  substance.  This  is  usefal  with  liquids  and  insulators  whose 
resistance  is  large,  but  as  relates  to  metals  and  to  those  using 
only  the  ohm  unit  it  conveys  little  meaning,  and  the  familiar 
form  of  a  wire  is  that  which  best  conveys  the  facts  to  the  mind. 
A  wire  either  of  definite  dimensions,  such  as  i  foot  length,  *ooi 
of  inch  diameter  (conveniently  called  a  mtZ,  which  must  not  be 
confused  with  the  millimetre),  is  a  very  practical  unit,  while 
for  some  purposes  a  wire  i  foot  in  length  and  weighing  i  grain 
has  its  uses.  These  units  will  be  employed  here,  and  Table  IX., 
p.  283,  derived  chiefly  from  the  labours  of  Mathiessen,  gives  the 
mo>t  important  particulars  employed  by  electricians.  Col.  IV. 
is  the  specific  conductivity  referred  to  silver  as  100. 

447.  Alloys  usually  have  a  higher  resistance  than  that  of  the 
mean  of  their  components,  which  appears  to  indicate  that  an 
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actual  chemical  oombination  lias  oocurred,  not  a  mere  miztnie 
of  the  metals.  This  property  even  affords  a  means  of  classifying 
alloys  as  of  these  two  orders.  Thus  the  alloys  of  tin  and  lead 
differ  slightly  from  the  mean,  while  that  of  tin  and  antimony 
has  only  ^th  of  the  mean  conduetivity,  indicating  a  much  closer 
oombination.  Other  physical  properties  attend  this  classifica- 
tion. I  have  even  found  that  the  specific  resistance  of  a  wire 
affords  an  approximate  test  of  its  constitution.  Thus  the  resist- 
anoe  of  German  silver  wire,  reduced  to  the  foot-grain,  varies 
from  3*66  ohms  to  4*09,  according  to  the  proportion  of  nickel 
it  contains,  that  of  pure  copper  being  *  2 19  only. 

Alloys  are  also  affected  by  heat,  as  to  their  conductivity, 
differently  from  pure  metals,  which  it  will  be  seen  renders  some 
of  them  very  useful.  Particulars  are  given  in  Table  IX.,  below 
the  pure  metals,  of  a  few  of  the  most  useful  alloys.  As  a  con- 
sequence, ordinary  commercial  metals  (which  are  always  alloyed 
'with  foreign  matters)  have  a  higher  resistance  than  pure  metals, 
a  &ct  of  great  importance  as  regards  copper,  §  479. 

448.  Hardness  generally  increases  the  resistance  of  metals ; 
this  shows  that  transmission  of  electricity  depends  upon  mole- 
cular condition,  for  hardness  is  a  state  of  stronger  cohesion  and 
rigidity,  and  therefore  of  less  freedom  of  motion.  Annealing 
diminishes  this  strain,  and  allows  a  readier  motion  of  the  mole- 
cules among  themselves,  and  this  also  allows  electricity  to  pass 
more  fireely.  This  is  shown  in  the  table.  As  time  and  the 
passage  of  electric  current  produce  a  softening  effect,  it  is  im- 
portant to  use  soft  wires  in  instruments  whose  resistance  is  to 
be  constant,  and  wherever  it  is  required  to  be  low,  as  in  gal- 
vanometers.   Soft  wire  is  also  much  more  easily  arranged. 

Mechanical  itresaea^  such  as  torsion  or  tension,  modify  conduc- 
tivity, as  also  does  magnetism  in  the  case  of  iron  or  steel. 

449.  Heat  and  Conductivity. — As  a  rule,  the  conductivity 
of  metals  varies  in  the  same  manner  for  both  forces — a  very 
strong  indication  that  the  modes  of  transmission  are  similar,  and 
that  uie  forces  are  of  similar  nature,  each  a  specific  molecular 
motion. 

Variaiion  of  temperature  has  a  remarkable  influence  on  the 
conductivity  of  bodies.  As  a  rule,  the  resistance  of  liquids 
diminishes  as  the  temperature  rises,  while  that  of  metals  in- 
creases. Table  IX.  shows  that  the  influence  on  pure  metals  is 
nearly  uniform,  not  as  regards  their  actual,  but  their  relative 
resistance.  Thus,  whether  a  metal  have  a  high  or  low  specific 
resistance,  that  resistance  increases  in  almost  exactly  the  same 
ratio — ^for  instance,  bismuth  and  copper  (Column  V.) — and  it  is 
very  probable  that  slight  differences  shown  are  really  due  to 
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some  impurity  in  ike  metals,  which  are  not  readily  obtained  in 
perfect  purity. 

Mercuryy  however,  is  an  exception,  owing  to  its  liquid  condi- 
tion, no  donbt ;  and  its  slight  variation  is  an  additional  element 
of  advantage  in  treating  it  as  a  standard  for  units. 

But  alloys  differ  from  pure  metals  in  being  much  less  affected 
by  change  of  temperature,  which,  together  with  their  greater 
resistance,  renders  them  suitable  for  measures. 

Carbon  or  Oraphite  is  lowered  in  resistance  by  heat,  so  that 
in  incandescent  lamps  a  larger  current  passes  as  they  become 
heated. 

As  the  current  itself  heats  the  wire,  the  resistance  varies  from 
this  cause  just  as  though  the  heat  were  external ;  and  it  is  im- 
portant, therefore,  in  measuring  resistances  to  use  a  low  power. 
The  mode  of  correction  for  the  effect  of  temperature  is  given 
in  §  464. 

450.  Light  and  Conductivitt. — Selenium  in  its  ordinary  state 
has  very  little  conductivity,  in  &ct  copper  has  38  million  times 
its  capacity;  but  when  kept  just  under  fasing  point  (220° G.) 
for  some  hours,  and  very  slowly  cooled,  it  assumes  a  crystalline 
condition,  in  which  not  only  is  its  resistance  greatly  lowered, 
but  becomes  very  variable  under  the  influence  of  light.  In  some 
cases  it  is  fifteen  times  greater  in  the  dark  than  in  sunlight 
This  variation  is  also  so  rapid  that  it  produces  sound  in  a  tele- 
phone under  the  influence  of  an  intermittent  ray  of  light.  Many 
other  substances  undergo  similar  changes,  but  this  subject  will 
be  dealt  with  in  another  chapter. 

451.  Eesistance. — It  was  explained  in  §  442  that  this  term 
includes  two  distinct  conceptions:  (i)  the  arithmetical  expres- 
sion— the  reciprocal  of  the  conducting  capacity ;  (2)  the  energy 
expended  by  the  current.  It  is  of  great  importance  to  keep 
this  distinction  clearly  in  view,  for  the  law  of  sectional  area  or 
diameter  of  a  conductor  is  related  only  to  the  first  oonoeption, 
while  most  of  the  other  facts  of  resistance  relate  to  energy  ex- 
pended. The  clearest  conception  of  the  whole  subject  will  be 
attained  by  fixing  the  ideas  upon  the  single  molecular  chain, 
transmitting  a  unit  electric  current,  as  shown  Fig.  43,  p.  122. 
This  shows  at  once  that  conducting  capacity  must  vary  as  the 
sectional  area,  simply    because   for    the    same  material,    the 

.  quantity  of  the  substance  in  the  conductor,  i.  e.  the  number  of 
molecular  chains,  varies  exactly  as  this  area.  It  shows  that  re- 
sialance^  i.  e.  the  true  resistance,  the  energy  consumed  in  the  act 
of  transmission,  should  be  inversely  as  ike  sectional  area^  because 
the  rapidity  of  the  molecular  motions  must  vary  in  consequence, 
and  must  vary  directly  as  the  lengthy  because  tibie  number  of  links 
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in  the  chain,  i.  e.  the  number  of  molecular  motions  involving 
work,  varies  in  that  ratio.  These  ideas  are  readily  transferred 
to  the  actual  form  of  metallic  wires,  as  in  §  465. 

452.  Laws  of  Besistasge. — Hence  we  have  these  laws.  Ee- 
dstance  varies : 

(i)  Inversely  as  the  tedianal  area^  therefore  inversely  as 
the  square  of  the  diameter,  cP,  or  the  weight  of  a 
given  length. 

(2)  Directly  as  She  lengthy  the  length  of  a  given  weight,  or 
inversely  as  weight  of  a  given  length. 

453.  Betistance  IB  often  BAidix)  he  a  velocity.  The  statement  con- 
veys little  or  no  idea  to  most  minds,  and  in  fact  in  this  form  it 
has  no  real  meaning ;  it  is  a  part  of  the  artificial  system  of  mathe- 
matical electricity.  According  to  the  system  of  *'  dimensions  " 
(§380^,  resistance  is  expressed  by  L~~^  T  in  static  units,  or 
lilr^  in  the  electro-magnetic,  and  these  represent  velocities. 
There  is,  however,  a  physical  fact  connected  to  this.  A  current 
is  set  up  in  a  conductor  when  this  is  made  to  cross  the  lines 
of  force  of  a  magnetic  field.  This  is  in  fact  the  mode  by 
which  the  value  of  the  ohm  was  determined.  A  coil  of  wire 
of  known  dimensions  was  rotated  on  an  axis,  so  as  to  cut  the 
magnetic  lines  of  the  earth,  and  the  value  of  the  ohm  is  calcu- 
lated from  the  dimensions  of  the  coil,  the  intensity  of  the 
earth's  magnetism  at  the  time  and  place,  and  the  velocity  of 
rotation  of  the  coil.  Now  the  law  of  the  generation  of  current 
under  these  circumstances  is  that  the  current  depends  on  the 
number  of  lines  of  force  cut,  i.  e.  on  the  velocity  of  the  con- 
ductor in  a  uniform  field.  Now  we  must  imagine  a  field  of  unit 
intensity  (S  13^)  and  a  conductor  of  unit  capacity,  ie.  one 
which  under  unit  E  M  F  permits  unit  current  to  pass.  To  de- 
velop that  current  this  conductor  must  be  moved  across  the 
field  with  a  definite  velocity,  and  this  is  the  velocity  which  is 
said  to  represent  the  resistance.  What  it  really  represents  is 
the  energy  expended  in  order  to  generate  the  E  M  F  necessary 
to  maintain  the  current :  it  is  the  work  done  against  the  mag- 
netic force,  therefore  it  corresponds,  not  to  the  mathematical 
resistance,  equal  for  all  currents,  but  to  that  which  I  have 
called  the  true  resistance^  varying  as  the  square  of  the  current, 
§  443 .  The  relations  of  the  unit  system  are  such  that  the  velocity 
necessary  to  develop  i  volt  E  M  F,  and  maintain  i  ampere  cur- 
rent in  a  I  ohm  conductor,  would  be  i  earth  quadrant,  or  10* 
centimetres  per  second.  This  way  of  looking  at  the  subject 
shows  once  more  how  the  two  distinct  conceptions  are  included 
in  the  term  Resistance,  and  both  measurable  by  the  ohm. 

454.  EESiarTANCE  AND  WoKK, — The  expenditure  of  energy  has 
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thus  far  been  oonBidered  as  oocturring  within  1^6  eondudor^  appear- 
ing there  as  heat,  and  as  an  inevitable  accompaniment  of  the 
transmission  of  current.  But  any  work  done  by  the  current 
extemaUy,  acts  also  as  a  resistance.  If  an  electro-magnet  be  ex- 
cited by  a  battery,  a  current  will  pass  according  to  the  laws  of 
Ohm,  proportioned  to  the  E  M  F  and  to  the  measured  resiBtanoe, 
and  the  expenditure  of  energy  will  be  measured  by  C  X  B. 
Now  give  the  magnet  '*  work"  to  do,  as  in  holding  up  a  weight, 
(i)  The  current  will  be  reduced.  , 

(2)  The  expenditure  of  energy  will  be  greater  than  C  x  B 
would  show. 

This  external  work  acts  as  a  resistance,  and  an  addition  must 
be  made  to  the  measured  B  of  the  wire  sufficient  to  account  fear 
the  reduction  of  current :  then  C*  X  (B  -(-  r)  would  give  the  ex- 
penditure. Such  added  work  may  also  often  be  treated  as  a 
counter-electromotive  force.  Its  value  in  B  may  be  ascertained 
by  measuring  the  current  and  difference  of  potential  between 
any  two  parts  of  the  circuit  which  include  the  work:  then 
while  E  X  C  X  J  gives  the  energy  expended,  E  -r-  O  gives  the 
total  R  of  this  portion  of  the  circuit,  and  by  deducting  the 
measured  B  of  the  wire  itself,  gives  the  resistance  equivalent  of 
the  work.  In  like  manner  it  may  be  calculated  as  a  —  e:  if  B 
is  unchanged  E  is  as  C,  therefore  the  difference  of  0  in  amperes, 
due  to  the  work,  =  —  «  in  volts. 

A  counter-electromotive  force  may  often  be  measured  as  a  resist- 
ance in  the  bridge  or  differential  galvanometer,  and  balanced  by 
a  length  of  wire  or  measured  resistance ;  but  this  measure  wUl 
not  be  constant  for  all  curretUs  as  an  ordinary  resistance  is. 

A55.  IndueUve  actions  exert  such  a  counter  E  M  F :  such  are, — 

(i)  Static  induction^  in  one  direction  as  the  current  commences 
to  move,  and  in  the  other  when  it  stops,  but  producing  no  effect 
while  the  current  is  actually  passing.    See  §  95. 

(2)  Magnetic  induction,  by  which  ike  magnetic  state  and  force 
is  set  up  in  matter,  and  energy  absorbed  in  doing  so,  which 
as  in  the  other  case  is  given  up  when  the  current  ceases.  This 
also  is  only  a  temporary  action,  as  no  energy  is  expended  in 
maintaining  the  magnetic  state  unchanged,  unless  work  is  put 
upon  the  magnet,  §  453. 

A56.  The  resistance  of  a  circuit  expressed  in  the  formulie  by 
B,  IS  really  a  very  complex  value,  varying  often  firom  moment  to 
moment,  varying  by  changes  of  temperature,  &c.,  brought  about 
by  the  current  itself,  and  the  following  experiment  will  illustrate 
some  of  the  foregoing  points. 

I  divided  one  ohm  of  No.  20  wire  (about  8^  ft.)  into  four  equal 
parts,  and  wound  them  on  two  coils,  two  wires  side  by  side  in 
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each,  making  97  tnms  for  each  wire»  the  coils  being  2^  in.  long 
on  a  core  of  naif  an  inch.  These  were  intended  for  experiment 
in  electro-magnetism,  but  they  famish  the  means  of  balancing 
two  circuits  on  the  Wheatstone  bridge,  and  testing  the  resist- 
ances under  various  conditions,  by  eliminating  every  action  but 
the  one  to  be  examined — 

(i)  Both  pairs  of  wires  joined  in  the  middle,  so  that  the 
onrrent  returns  on  itself  and  prevents  induction;  the  two 
exactly  balanced. 

(2)  Both  coils  with  the  current  going  through;  exactly 
biJanced. 

(3)  The  coils  arranged  one  in  each  way,  so  that  there  is  in- 
duction in  one  and  not  in  the  other.  Now  energy  is  absorbed, 
for  a  current  is  generated  at  making  and  breaking  contact,  and 
a  spark  produced.  This  **  extra  "  current  is  either  created  out  of 
nothing,  or  it  is  derived  from  the  battery :  if  the  latter  it  is 
extra  work,  the  resistance  must  increase,  and  show  on  the 
balance,  §  453.  It  does  so,  the  needle  swinging  <^  to  one  side 
for  a  moment^  returning  to  zero  as  soon  as  the  inductive  action 
is  completed,  §  455,  and  swinging  3°  the  other  way  when  circuit 
is  broken,  and  tibe  extra  current  passes. 

(4)  Both  coils  being  arranged  as  in  (2),  they  balance.  Insert 
a  piece  of  iron  in  one :  the  magnetizing  this  absorbs  energy,  and 
the  needle  swings  12°  towturds  whichever  coil  contains  the 
iron. 

(5)1  give  the  magnet  work  by  suspending  a  piece  of  iron  to 
it :  the  needle  flies  over  5^  and  remains  there. 

The  facts  are  of  course  well  known,  but  the  form  of  this  set 
of  experiments  sets  them  plainly  forth,  and  brings  out  the 
relation  of  work  to  electric  resistance. 

457.  An  interesting  experiment  by  Favre  gives  the  quantita- 
tive relations  very  dearly.  Testing  the  heat  developed  in  vary- 
ing circumstances,  he  found  that  the  heat  developed  in  a  whole 
(drouit,  doing  no  work,  was  exactly  the  same  as  that  given  by 
the  same  weight  of  zinc  dissolved  without  producing  any  current. 
Following  this  out,  he  tested  the  heat  in  various  conditions  of 
circuit,  and  also  when  a  known  amount  of  work  was  done  by  a 
magnet,  the  work  being  the  equivalent  of  308  heat  units  or 
calories. 

The  conditions  were,  for  the  same  weight  of  zinc — 

(i)  The  battery  on  short  circuit;  heat  all  developed  in  the 
battery  itself. 

(2)  The  circuit  going  through  an  electro-magnetic  coil  with- 
out the  iron,  as  in  my  experiment  3. 

(3)  The  same  with  the  iron  inserted. 
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Heat  in 
Battery. 

Heat  in 
Circuit. 

Heat  lost 
as  work. 

Total 
AmonntflL 

18682 

— 

— 

18682 

18674 
16444         . 
13888 

2219 

.         4769 
.         2947 

•  •    •    • 

•  •    •    • 

•  •    •    • 

18674 
18667 
18657 
18683 

(4)  The  magnet  reyolving  a  machine,  but  doing  no  work. 

(5)  The  same,  but  doing  work. 

Expt. 

I. 
2. 

3- 
4- 
5- 

The  experiment  shows  very  clearly  the  Telations  of  enei^  to 
the  effect  produced,  and  also  the  mode  in  which  reeiBtance 
converts  the  energy  into  work,  and  it  closely  agrees  with  my 
experiment. 

458.  Consecutive  Resistances. — ^Each  portion  of  the  circnit, 
i.  e.  the  various  cells  of  a  battery,  the  connecting  wires,  any 
injstruments  used  or  work  done,  having  each  their  separate 
resistances  measured  or  known,  these  are  added  together  to  form 
the  total  resistance  of  the  circuit,  symbolized  as  B.  It  is  only 
this  total  which  can  be  directly  calculated  by  Ohm's  formula, 
but  the  various  external  resistances  may  be  ascertained  by  that 
formula,  by  observing  the  variation  of  the  current  produced  as 
each  is  added  to  the  circuit.  For  the  internal  resistance  of 
batteries,  see  §  462. 

459.  Derived  OiRcmTS,  see  §  404. — When  the  current  divides 
into  two  or  more  branches  for  a  part  of  its  course,  the  joint  re- 
sistance of  the  united  circuit  is  ascertained  by  the  following 
formuliB,  the  separate  resistances  being  first  ascertained  by  the 
usual  processes : — 


A  X  B 

=  =  R.    The  joint  resistance  is  the  product  of  the 

A.  "J"  H 

two  resistances  divided  by  their  sum.     Thus 


0) 


'39  X  '64  _^  -2496 
'39+  -^4  "*  ^'03 


*242. 


When  there  are  more  than  two  paths,  having  obtained  the  joint 
resistance  of  two,  this  is  used  with  another  in  the  same  manner. 
Let  C  be  another  such  path  having  a  resistance  i  *  9,  then 

-242  X  1-9^  :459g^  .^j- 
•242  +  1-9      2-142  -^' 

(2)  It  is  more  easy  to  obtain  the  joint  resistance  by  means  of 
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a  table  of  reciprocals,  the  sum  of  the  reciprocals  of  the  separate 
resistances  being  the  reciprocal  of  the  joint  resistance.  (The 
reciprocal  of  a  number  is  i  divided  by  it ;  tables  of  reciprocals 
are  given  in  many  books.) 

A='39     ..      ..     reciprocal      .,      ..     ^'5^^ 
B  =  '64     ..      ..  „  ..      ..      1*562 

C  =  i'9     ..      ..  „  ..      ..     0-526 

Joint  resistance      4*652  =  * 214. 

(3)  Another  plan  may  be  derived  from  the  system  of  wire  re- 
sistance, §  468.  If  we  reduce  each  resistance  to  the  terms  of  the 
area  of  a  copper  wire  of  i,  10,  or  more  feet,  the  sum  of  these 
areas  represents  a  wire  equivalent  to  the  joint  resistance. 

460.  Shitnts. — ^Theseare  derived  circuits,  §  4^8,  and  the  term 
is  of  course  derived  from  the  railway  process  01  shunting  a  train 
on  to  a  second  set  of  rails.  It  is  very  useful  to  have  at  hand 
such  secondary  circuits  prepared  to  correspond  with  instru- 
ments they  may  be  required  to  be  used  with.  Of  course  any 
wire  led  across  connections  acts  as  a  shunt  for  just  such  part  of 
the  current  as  equals  the  ratio  of  the  resistance,  and  therefore  a 
second  resistance  instrument  serves  the  purpose  ;  but  it  is  more 
convenient  to  prepare  a  special  wire,  equal  to  the  known  re- 
sistance of  the  galvanometer  or  other  instruments  it  is  to  be 
used  with,  and  coil  it  up  with  its  ends  left  just  long  enough  for 
convenient  use,  and  label  it  with  the  purpose  it  is  made  for. 

For  other  occasiouH,  shunts  are  required  bearing  a  known 
ratio,  J,  i-ioth,  i-icx)th,  &c.,  of  the  circuit  thejf  are  to  be  used 
with.  The  following  formula  gives  the  proportionate  resistance 
in  such  cases.  B  is  the  resistance  of  the  instrument  whose  indi- 
cations we  desire  to  multiply,  n  the  multiplying  ratio,  and  S  the 
resistance  to  be  given  to  tiie  shunt : — 

8  =  -^  ex.    -11- =  .5353 
n  —  I  100  —  I         ^^-'^ 

Of  course  the  addition  of  a  shunt  to  any  portion  of  a  circuit 
lowers  the  resistance,  and  therefore  alters  the  conditions  of  the 
whole  circuit  and  increases  the  current,  unless  an  extra  re- 
sistance is  inserted  somewhere  else  to  compensate  for  the  action- 
of  the  shunt,  just  as  the  insertion  of  a  galvanometer  to  measure 
a  current  lowers  the  current  previously  passing. 

Shunts  should  be  made  of  the  same  material  as  the  circuit 
they  are  used  with,  so  as  not  to  have  their  ratios  disturbed  by 
external  temperature,  §  449. 
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It  is  impofisible  to  avoid  the  effects  of  self-heatiiig  by  the 
current :  in  order  to  have  the  same  action  in  both  ciroaits  the 
wire  of  the  shunt  onght  to  increase  in  weight  in  the  same  ratio 
as  the  current  it  carries ;  but  for  obvious  reasons  of  economy 
and  convenience  this  cannot  be  done.  In  £su>t  the  revezse  is 
nearly  always  the  case,  a  thinner  and  shorter  wire  being  used 
instead  of  a  thicker  and  longer.  I'herefore  no  shunts  supplied 
with  galvanometers  can  be  relied  on  if  more  than  momentaiy 
currents  are  passed  through  them. 

461.  CeUs  of  a  Baliery  are  derived  circuits  to  each  other  when 
they  are  coupled  in  parallel  order  or  multiple  arc,  §  2^8,  and 
they  divide  the  current  between  them  upon  the  same  principles 
as  explained  §  4$  8. 

Cells  to  be  coupled  in  multiple  arc  may  be  of  various  siies, 
but  must  be  all  of  the  same  kind  and  of  equal  electromotive 
force,  otherwise  the  stronger  cells  reverse  tiie  current  of  the 
weaker,  and  less  current  passes  to  the  external  circuit  than  if 
the  weaker  cell  were  not  used,  and  yet  the  stronger  cell  is  more 
rapidly  exhausted.  Zinc  may  also  be  deposited  on  the  negative 
plate  of  the  weaker  cell,  if  it  is  a  single  liquid  celL  So  also 
when  a  number  of  cells  are  arranged  in  sets  in  series,  and  then 
coupled  in  multiple  arc,  all  of  &e  sets  in  one  coupling  must 
contain  the  same  number  of  cells,  in  order  that  when  in  multiple 
arc  each  branch  may  have  the  same  electromotive  force.  In  this 
manner  a  variety  of  cells  of  different  sizes  and  foroes  may  yet 
all  be  used  in  one  circuit,  and  combined  in  both  ways  for  small 
resistance  (multiple  arc)  and  high  electromotive  force  (in  series). 

462.  Internal  Resistance  of  Cells.— Thia  is  subject  to  preciaely 
the  same  laws  as  that  of  wires,  §  452,  but  depends  on  the  spedfio 
conductivity  of  the  liquids  contained,  and  varies  therefore 
during  work,  as  the  acids  become  converted  into  mAfA^lin 
salts,  &c. 

Measubement  of  Internal  Eesistancb  of  Battbribb. 

(i)  By  Ohm's  Formula, — ^This  may  be  ascertained  by  Ohm's 

formula  when  the  electromotive  force  and  current  are  known,  for 

B 

T=  =  B.    This  is  the  total  resistance,  and  deducting  the  external 

gives  us  the  internal. 

(2)  By  Sine  or  Tangeni  Odlvanometer. — By  means  of  any 
known  resistance  produce  a  deflection ;  add  further  resistance 
until  a  deflection  is  produced  whose  value  in  current  is  exactly 
half  that  of  the  first.  As  the  current  is  halved,  it  is  clear  the 
resistance  has  been  doubled— i.  e.  the  second  extra  resistanoe  is 
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exactly  the  same  as  the  total  of  the  first ;  therefore  it  is  only 
neoessary  to  deduct  the  known,  or  external  resistance  of  the 
first  deflection  from  that  of  the  second:  the  residue  is  the 
internal  resistance  of  the  battery,  together  with  that  of  any 
connecting  wires  not  included  in  the  first  external  resistance. 

(3)  By  a  SkutU, — ^This  process,  devised  by  Mr.  Desmond  Fitz- 
gerald, is  by  far  the  simplest.  Prepare  a  shunt  or  connecting 
wire,  the  resistance  of  which  is  exactly  the  same  as  the  sum  of 
all  the  other  external  resistances — yiz.  the  galvanometer,  which 
may  be  of  any  kind,  and  all  the  connections  (and  if  any  work 
is  doing,  the  resistance  of  that  also).  Fig.  71  will  now  make 
aU  plain. 

Fig.  71. 


First  connect  as  shown,  so  that  the  current  &om  the  battery 
N  P  divides  itself  through  the  two  equal  resistances,  (i)  S,  the 
shunt,  (2)  G,  the  galvanometer,  and  B,  the  resistance  instru- 
ment. Note  the  deflection  carefully  and  then  disconnect  the 
shunt  S;  the  whole  current  now  passes  through  the  other 
circuit,  and  therefore  the  deflection  at  G  increases.  It  will  be 
seen  that  in  this  second  condition  the  external  resistance  is 
doubled,  because,  by  the  laws  of  derived  circuits,  the  resistance 
of  two  equal  circuits  together  is  just  half  that  of  either  of  them 
alone,  but  the  intemal  resistance  of  N  P  remains  unchanged. 

Increased  resistance  is  now  added  at  B  till  exactly  i^e  same 
deflection  as  at  first  is  produced  in  G.  This  extra  resistance  is 
exactly  equal  to  the  internal  resistance  of  N  P,  because  its 
addition  brings  the  current  to  its  original  amount  by  doubling 
the  intemal  resistance,  as  the  removfd  of  the  shunt  previously 
doubled  the  external. 

Methods  2  and  3  have  the  disadvantage  that  with  many 
forms  of  battery  the  E  M  F  varies  with  the  rate  of  current,  so 
that  the  conditions  are  different  at  the  time  of  the  two  measures. 

(4)  Mance^s  method  avoids  this,  and  enables  the  resistance 
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corresponding  to  any  rate  or  density  of  current  to  be  measored. 
It  is  a  modification  of  the  Wheatstone  bridge,  and  will  be  under- 
stood by  a  reference  to  Fig.  64,  p.  246.  Insert  tbe  battery  to 
be  measured  in  G  and  a  resistance  measure  in  A  as  usual :  no 
external  battery  is  used,  but  a  contact  break  replaces  it.  If  the 
double  break,  Fig.  67,  is  on  tbe  bridge,  spring  3  sbould  be  fixed 
down  upon  stud  4  to  keep  the  galvanometer  circuit  closed,  and 

the  ordmary  battery  connections,  as  H Fig.  69  connected  with 

a  wire,  when  the  upper  pair  of  springs  will  act  as  tbe  required 
break.  It  will  be  seen  that  the  current  from  tbe  battery  in  C, 
Fig.  64,  has  now  two  circuits  from  F,  one  through  the  galvano- 
meter and  the  other  through  D  B,  both  uniting  at  E  and  re- 
turning to  C  through  A.  If  A  x  D  =  B  x  C,  the  closing  of 
the  external  contact  will  make  no  change  in  the  reading  on  the 
galvanometer,  through  which,  in  the  use  of  the  bridge,  current 
is  always  passing. 

The  resistance  of  a  galvanometer  can  be  measured  in  this 
■way  by  its  own  reading,  if  placed  in  C,  and  the  battery  as  usual 
in  the  external  circuit.  This  is  of  course  the  usual  form  of  using 
the  bridge,  but  requires  no  galvanometer  in  £  F.  The  result  is 
obtained  when  closing  the  break  in  £  F  makes  no  change  of  the 
reading  in  the  galvanometer  in  0,  which  is  the  resistance  to  be 
measured. 

There  are  several  other  processes,  but  they  require  fonnuls 
and  calculations,  and  I  have  selected  the  foregoing  modes  of 
measuring  the  resistance  of  batteries  as  the  simplest  in  principle, 
most  readily  performed,  and  accurate  in  results. 

463.  Besistance  of  MetaU. — Table  IX.  gives  the  values  derived 
from  Mathiessen's  measures  taken  in  connection  with  the  prepa- 
ration of  the  original  ohm.  Later  determinations  differ,  and  a 
set  by  Benoit  may  be  found,  p.  112,  Vol.  IV.  of  the  '  Journal  of 
the  Society  of  Telegraphic  Engineers ; '  but  Mathiessen's  values 
are  generally  received,  and  his  well-known  care  and  the  means 
at  his  disposal  justify  the  retention  of  his  values. 

Different  figures  are  given  in  various  books,  and  the  spedfio 
gravity  and  specific  resistances  are  by  no  means  too  certainly 
known ;  but  as  it  appears  absurd  to  present  a  set  of  values  in  one 
table  which  cannot  be  made  to  agree,  with  the  result  that  the 
student  has  no  definite  starting-point,  I  have  calculated  the 
whole  of  this  table  from  the  two  values  of  Cols.  VI.  and  VII.  by 
means  of  the  formulsB  §  473.  Therefore  should  any  other  values 
be  deemed  more  accurate,  there  will  be  no  difficulty  in  altering 
the  whole  range  of  values,  which  are  physically  dependent  on 
each  other. 

Col.  in.  is  the  epedfic  retistance,  §  446,  that  of  i  cubic  centi- 
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metre  expressed  in  microhms.  By  shifting  the  decimal  point  6 
places  to  the  left  it  becomes  ohms,  and  by  shifting  it  3  places  to 
the  right  it  becomes  C  G  S  units:  thus  copper  =  i'6^2 
microhms,  '0000x31652  ohms,  and  1652*  C  G S  nnits.  Microhms 
are  convenient  for  metals,  ohms  for  liquids,  and  megohms  for 
dielectrics. 

Table  IX. — ^Conductivity  and  Rbsistance  of  Metals. 


L 

n.        m. 

IV.           V. 

VL         VII. 

vni. 

Spedflo 

Conductivity 

Rnistance  at  32° 

sUver  =  100. 

Fahr.  of  1  ft.  of  wire 

Varia- 

Metals Pore. 

GimTity 
—  9, 

anoe. 
Microhms 

Weight. 

SecUoD. 

weighing 
1  grain. 

=  U 

of  1  mil 
diameter. 

=  u 

tion  per 

cent. 
1°  Fahr. 

Aluminum 

3-574 

2-944 

204-05 

51-67 

•1085 

17-72 

, , 

Autiroony 

6-725 

35*907 

6-41 

4-24 

3-456 

216-00 

•2r6 

Bismuth    ..      .. 

9«8i7 

132-658 

I-I9 

1-15 

18-64 

798- 

-196 

Copper,  hard    .. 

8-905 

1-652 

105-13 

92-06 

•2106 

9-940 

, , 

soft 

8-927 

i-6i6 

107-27 

94-17 

•2064 

9-718 

•215 

Gold,  80ft..      .. 

19-639 

2-081 

37-853 

73-09 

•5849 

12-52 

•202 

Iron,  soft  .. 

7781 

9-825 

20*l8 

15-63 

1-097 

59-10 

Lead,  pressed  .. 

11-392 

19-847 

6-84 

7-65 

3-236 

119-39 

•215 

Mercury     .. 

J3-598 

96-185 

I-I8 

1-58 

18-720 

578-60 

-040 

Nickel       ..      .. 

8-513 

12-579 

14-42 

12 -08 

'-535 

75-78 

,. 

Platinum,  soft .. 

21-437 

9-158 

7-88 

16-56 

2-810 

55-09 

, , 

Silyer,  hard      .. 

10*241 

1-652 

91-45 

92-10 

-2421 

9-936 

-209 

„      soft 

10-168 

1-521 

100- 

100- 

-2214 

9-151 

Tin,  pressed     .. 

7-284 

13-359 

iS-86 

11-39 

1-396 

80-36 

•202 

Zinc,  pressed    .. 

7-162 

5-689 

37-97 

26-74 

'5831 

34-22 

-20a 

Jjaay9. 

Brass..       about 

8-4 

8-266 

22-18 

18-45 

-9938 

49-72 

, , 

German  silver  „ 

»'754 

21-165 

8-35 

7-19 

2-652 

127-32 

-024 

I  Silver,  2  Plat. 

12-021 

24-661 

5-22 

6-17 

4-243 

148-35 

-017 

I  Silver,  2  Gold 

15-203 

10-988 

9-26 

13-84 

2-391 

66- 10 

•036 

Cbrbon..    about 

1-6 

4196- 

•2303 

•0363 

96-080 

25240- 

-•020 

The  line  of  carbon  is  derived  from  my  own  experiments  and 
relates  to  the  artificial  carbons,  such  as  are  prepared  for  the 
Jablochkoff  candles  and  arc  lamps.  The  specific  gravity  is 
probably  greater  in  the  carbon  of  incandescent  lamps,  but  it  is 
scarcely  possible  to  measure  it,  as  the  adhering  film  of  air 
prevents  its  being  properly  weighed  in  water.  It  is  probable 
also  that  the  specific  resistance  is  lower,  but  to  discover  this, 
either  the  specific  gravity  must  be  known,  or  the  diameter, 
which  is  equally  difficult  to  measure  experimentally. 

464.  CoBKECTioN  FOB  TfiMFERATUBE. — ^it  is  Convenient  to  adjust 
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TesistanoeB  at  the  ordinary  temperature,  60  Fahr.,  for  wbidi 
reason,  also,  the  valnes  are  given  in  the  formnlffi  and  taUes  at 
that  point.  But  it  is  necessary  for  many  purposes  to  know  the 
resistance  corresponding  to  a  temperatore  different  from  that  at 
which  observations  are  made,  for  temperature  plays  a  verf 
important  part  in  the  resistance  of  wires ;  in  fact,  it  is  diffioolt 
to  get  the  same  resistance  twice  for  a  piece  of  copper  wire,  if  it 
is  touched,  or  if  the  slightest  change  takes  place  in  the  room. 
Tables  of  correction  are  given  in  many  works,  but  they  never 
point  out  that  these  tables  only  give  a  part  of  the  correction 
required.  They  deal  only  wim  the  temperature  of  the  win 
itself,  but  leave  out  of  sight  altogether  the  variation  which 
takes  place  in  the  meamremetU  irulrumeni  Utdfj  though  this  ii 
one-tenth  of  that  of  the  copper  wire  as  regards  external  tempera- 
ture, and  greater  than  that  of  the  wire  as  regards  any  heat  pn^ 
duoed  by  the  current  itself.  The  latter  cannot  be  dealt  with 
except  by  careful  valuation  in  each  case;  but  for  ordinary 
resistance  measurement,  with  small  and  momentary  correnti, 
the  external  action  alone  need  be  considered.  Instruments  ibr 
measuring  resistance  ought  to  have  marked  upon  thraa  the 
temperature  at  which  they  are  correct,  then  the  oorrection  for 
actual  temperature,  say  in  copper  wire,  would  be,  not  that  for 
copper  merely,  as  given  in  the  usual  tables,  but  this  less  the 
simultaneous  variation  of  the  German  silver  wire  of  the  instru- 
ments.   Thus  for  each  degree  Fahrenheit  near,  about  60^ — 

Copper  varies  as  i  to  .•  ..  1*00215  log.  0*0009327 
German  silver  varies  as  ..  1*00024  „  0*0003120 
Oombined  correction  at  60^   ..      1*00191     „    0*0008287 

The  variation  occurs  not  equally  for  each  degree,  but  by  a 
curve  represented  according^  to  the  experiments  of  ^e  British 
Association  Committee  on  Electrical  Standards,  by  the  formula 
for  the  resistance  B  at  temperature  t  (Centigrade)  from  the 
resistance  r  at  zero,  H  =  r  (i  +  a  t  ±  h  f). 

a  h 

Pure  metals       0*003824    +0*00000126 

Mercury     0*0007485  —  0*000000398 

German  silver 0*0004433-1-0*000000152 

Platinum  silver         ..      ••     0*00031 

But  for  all  ordinary  purposes  the  correction  above  given  will 
suffice,  multiplying  the  decimal  portion  or  the  logarithm  by  the 
number  of  degrees  (not  by  the  logarithm  of  the  degrees),  and 
multiplying  the  resistance  observed,  for  higher  temperature, 
and  dividing  for  lower  temperature ;  adding  or  subtracting,  as 
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required,  tlie  logarithmio  oorrection  to  the  logarithm  of  the 
obfierved  resistanoe. 

Thus  to  correct  from  60^  to  32^,  or  the  freezing  point  (zero 
Cent.)  ie  28°  '00215  x  28  =  1*0602  for  copper.  The  correct 
figure,  I  *o6o5,  differs  very  slightly  from  this,  and  the  mode  of 
oorrection  is  shovm,  §  470. 

It  is  probable  that  these  figures  apply  only  to  moderate  heats, 
and  Mmler  gives  the  following  resistances  for  high  temperatures 
of  certain  -wires  experimented  on. 


Iron. 

Copper. 

PlatlnmiL 

o^' Ceotigxade 

640 

o<>  Centigrade 

814 

o^'  Oentigrade       1870 

21^            n        .. 

691 

31^          „       .. 

864 

3lO         „       ..     1986 

185«»        „       .. 

1660 

Rliffhtiy  incan-^ 
deeoent 

3100 

^ttt*-*^:} «- 

Dark  red 

3300 

Oarminered  .. 

2450 

Red  hot  ..     ..     4700 

Bright  red 

3650 

Briokred 

3300 

Orange    ..     ..     5400 

White  hot       .. 

4880 

Bright  red      .. 

4700 

Light  yellow  ..     6000 

On  the  other  hand,  carbon,  as  in  the  incandescent  lamp,  has  a 
resistance,  when  cold,  jnst  about  double  of  that  when  at  full 
light-giving  temperature. 

Specific  heat,  that  is  the  quantity  needed  to  raise  unit  weight 
of  any  substance  i  degree  in  temperature,  increcuei  as  the 
temperature  approaches  the  point  of  a  change  of  physical  state, 
such  as  fusion.  But  Siemens,  in  the  course  of  his  experiments 
on  electric  pyrometers,  found  the  increase  of  resistanoe  by  heat 
reduced  as  the  temperature  rises,  and  that  the  resistance  of  a 
metal  may  be  expressed  as 

B  =  aVT  +  j8T+y 

B  being  the  resistance,  T  the  absolute  temperature  (reckoned 
from  absolute  zero  —  273*7°  Cent  or  —  470*66°  Fah.),  anda  )3  y 
are  coefficients  related  to  the  particular  metals. 

465.  Dimensions  of  Wires. — ^For  electrical  purposes,  in  addi- 
tion to  the  ordinary  commercial  considerations  of  weight,  length, 
and  strength,  we  must  include  electric  resistance ;  so  that  if  we 
fix  upon  a  definite  unit,  which  includes  weight,  length,  and 
resistance,  all  considerations  are  resolved  into  mere  multiples  of 
that  unit. 

Although  we  may  buy  and  speak  of  wires  by  their  diameters, 
this  principle  means  that  we  should  think,  not  of  their  diameters, 
but  of  their  sectional  area,  which  varies  in  the  ratio  of  the 
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square  of  the  diameter.  We  must,  in  fact,  regard  the  wires,  not 
as  single  cylinders,  but  as  though  they  were  built  op  of  a  series 
of  parallel  unit  cylinders  of  de&iite  properties.  Of  course,  the 
metric  measures  would  furnish  the  best  system,  but  as  this  is 
practically  out  of  the  question,  the  best  plan  available  is  to  take 
for  the  unit  of  measure  the  one-thousandth  of  an  inch,  already 
frequently  so  used,  and  called  a  ''mil."  Since  wires  are  round, 
and  the  areas  of  circles  increase  as  the  squares  of  the  diiuneten, 
we  should  regard  the  "mil"  as  a  circular  wire.  Then,  by 
squaring  the  diameter  in  ''  mils  "  of  any  wire,  we  obtain  direct 
its  area  in  circular  mils — that  is  to  say,  the  number  of  unit 
wires  to  which  it  is  equivalent.  To  make  the  unit  complete,  its 
length  must  be  defined,  and  the  foot  is  the  most  oonvenient 
measure.  But  as  in  electricity  we  require  to  indade  in  our 
unit,  electric  resistance  as  well  as  the  weight,  <&c.,  it  is  fltiH 
more  convenient  and  generally  useful  to  make  weight,  rather 
than  diameter,  the  basis  of  the  unit,  and  the  most  genenlly 
useful  unit  would  appear  to  be  a  wire,  i  foot  long,  weighing 
I  grain.  By  ascertaining  the  relation  of  this,  for  each  metal,  to 
the  general  circular  mil  &ot,  every  necessary  calculation  can  be 
readily  effected.  This  relation  is  given  as  nearly  as  present 
knowledge  allows  in  Cols.  VI.  and  VII.  of  Table  IX.,  p.  283. 

466.  WiEB  Gauges. — Wire  is  usually  bought  by  Birmingham 
wire  gauge.  Here  is,  however,  a  name  without  an  object 
belonging  to  it ;  for  no  one  can  tell  what  the  Birmingham  wire 
gauge  is,  and  different  dealers  will  differ  two  or  three  sizes, 
while,  in  the  finer  wires,  it  is  a  mere  chance  what  will  be  ob- 
tained for  any  gauge  asked  for.  The  subject  was  taken  up  by 
a  committee  of  the  Society  of  Telegraphic  Engineers  and  Elec- 
tricians, whose  report  will  be  found  in  the  Proceedings  of  the 
Society,  Vol.  viii.  1879,  p.  476.  It  appears  probable  that  the 
BWG  originated  in  the  sizes  resulting  from  successive  draws 
from  the  rod  of  iron,  subsequently  adjusted  to  diameters  reduc- 
ing by  8ths,  i6ths,  32nds,  and  6^ths  of  an  inch,  and  then  by 
loths  of  the  64ths ;  but  makers  varied  them  to  suit  their  purposes, 
and  it  is  said  employed  different  gauges  for  paying  the  workmen 
or  for  buying  from  those  used  in  selling.  The  Committee 
suggest  a  new  gauge  based  upon  a  logarithmic  curve,  in  which 
each  number  is  25  per  cent,  heavier  than  the  next  lower:  such 
a  curve  permits  any  unit  of  weight  or  diameter  to  be  used,  and 
it  is  proposed  to  make  No.  o  the  starting-point,  with  a  diameter 
of  I  centimetre,  or  inch  '3937,  which  approximates  the  average 
existing  values.  I'he  following  table  will  show  the  differences 
in  the  gauges.  Col.  I.  is  that  of  Stubbs  and  HoltzapffeL  II,  is 
that  of  Messrs.  Wynn,  and  is  employed  in  Culley  s  work  on 
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Telegraphy,  and  being  generally  known  to  eleotrioians,  I  have 
used  it  here.  III.  is  the  theoretical  original  scale,  arrived  at  by 
the  late  C.  Y*  Walker,  based  on  640thB  of  the  inch,  and  derivea 
from,  a  gauge  supplied  by  Messrs.  B.  Johnson  and  Nephew,  the 
mrell-known  wire  drawers,  with  small  corrections  to  fit  it  to  the 
theory.  Col.  lY.  is  the  Committee*s  new  scale,  based  upon 
Latimer  Clark's  logarithmic  curve,  and  proposed  to  be  caUed 
the  BSG,  or  British  Standard  Gauge.  The  discrepancies 
increase  in  the  higher  nxunbers,  which  have  been  introduced  long 
after  the  original  gauges  were  established.  The  best  plan  is 
not  to  go  by  gauges  at  all,  but  adopt  either  the  measured 
diameter  or  the  weight  of  a  given  length,  as  is  always  done 
upon  the  large  scale  by  electrical  engineers. 


Wire  Gauges  in  Mtta. 

1 

L 

IL 

m. 

IV. 

1 

L 

n. 

m. 

IV. 

0 

Stttbte. 

Wynn. 

Walker. 

dark. 

5 

Stabba.  Wynn. 

Walker. 

Clark. 

000 

^.5' 

375- 

437-5 

492-1 

65- 

65- 

62-5 

66-1 

00 

380- 

350- 

375- 

440-2 

58- 

58- 

56-3 

59-1 

0 

340- 

325- 

343*8 

393-7 

49- 

50- 

50- 

52-8 

I 

300- 

303- 

312-5 

352-1 

42- 

43- 

43-8 

47-8 

3 

284- 

280- 

281-3 

315- 

35- 

37- 

375 

42-3 

3 

259* 

258- 

250- 

281*7 

32- 

32- 

34-4 

37-8 

4 

238- 

238' 

234-4 

252- 

28- 

29- 

31-3 

33-8 

5 

220' 

2i8- 

218*8 

225-4 

25* 

26- 

28-1 

30-2 

6 

20j- 

200* 

203-1 

201-6 

22* 

23- 

25- 

27-1 

7 

l8o- 

i82- 

187-5 

180-3 

20- 

21- 

23-4 

24-2 

8 

165- 

165- 

171-9 

i6r-3 

i8- 

i8-5 

21-9 

21-6 

9 

148- 

149* 

156-3 

144*2 

16- 

16- 

20-3 

19-4 

10 

134- 

134- 

140-6 

129- 

14- 

14- 

18-8 

17-3 

II 

I20- 

120* 

125- 

115-4 

13- 

13* 

17-2 

15-5 

12 

109- 

107- 

II2-5 

103-2 

12' 

12* 

15-6 

13-9 

M 

95* 

95' 

loo- 

92-3 

10- 

n- 

14-1 

12-4 

14 

83- 

84- 

87-5 

82-6 

9* 

10- 

12-5 

ii-i 

15 

72- 

73- 

75- 

73-9 

4- 

7.9 

" 

467.  Logarithms. — In  applying  the  principles  of  §  465,  and  in 
illustrating  the  formulsB  based  upon  them,  I  employ  logarithmic 
calculations.  Some  readers  may  think  this  very  abstruse,  but  it 
is  the  simplest  of  all  modes  of  calculation,  and  most  accurate 
and  rapid,  while  least  fatiguing  to  the  brain.  Their  use  cannot 
be  too  strongly  recommended  to  those  who  have  to  make  many 
calculations  of  any  kind,  and  who  have  not  practised  the  use  of 
the  slide  rule,  which  is  in  fact  a  logarithmic  machine.  The 
examples  and  formulae,  having  their  decimal  values  given  also. 
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can  be  worked  ont  in  the  ordinary  manner  by  those  who  prefiar 
to  do  BO. 

468.  A  WISE  is  simply  a  cylinder  oecv^^ying  a  ceriain  mea$we 
meni  of  space.  The  weight  of  the  cylinder  w^  depend  upon  the 
specific  gravity  of  the  material  which  fills  the  space. 

A  cubic  inch  of  water  weighs  252*4j;6  gr.,  and  this  multiplied 
by  12  and  by  '7854  gives  us  the  weight  of  a  circular  inch-foot 
of  water ;  and  that  multiplied  by  the  specific  gravity  of  any 
metal  gives  the  weight  of  a  circular  inch-foot  of  that  metal,  and 
thus  the  datum  for  all  required  calculations.  I  will  work  this 
out  in  logarithms,  taking,  as  the  basis,  copper,  specific  gnvify 
8  -  9,  this  being  the  average  specific  gravity  of  good  copper  wire  j— 

Cubic  inch  of  water  25 2  •  456     ..      2  •  402 1857 

12  in.  per  foot      1*0791812 

•  7854,  ratio  of  circle  to  square  ..   ~i  •  8950909 

Circular  inch-foot  of  water ..      ..      3  •  3764578  =  2379*3 
Specific  gravity  of  copper  8 '  9   . .     o  •  9493900 

Circular  inch-foot  of  copper      ..     4*3258478  =  2ii76"i 

460.  This  divided  by  1000  x  1000  =  1,000,000,  gives  the 
weight  in  grains  of  a  wire  of  a  circular  mil  one  foot  long.  In 
this  way  are  obtained  the  figures  in  Column  II.  of  Table  X.  of 
the  various  constants  required  in  calculations  as  to  wires. 

By  dividing  1,000,000,  the  circular  miU  in  an  inch,  by  the 
weight  of  the  circular  inch-foot,  we  obtain  the  sectional  area  in 
mils  (or  number  of  mUs  it  occupies)  of  a  wire  weighing  one  grain 
per  foot.    This  gives  Column  III.  of  the  Table  of  Constants. 

1,000,000  =  lo* 6*0000000 

Indi-foot  of  copper,  21176*1      ..     4*3258478 

Mils  per  grain-foot,  G.  2)1  * 6741522  =  47  •  22 

sq.  root       

Diameter  of  grain-foot 0*8370761=6*872 

470.  Assuming  as  correct  the  resistance  of  one  foot-grain 
wire  given  in  Table  IX.,  we  obtain  all  that  is  necessary  to  com- 
plete the  data,  viz.  the  resistance  of  the  unit  foot-grain  wire, 
which  I  have  calculated  at  60^  and  inserted  in  Column  lY.  of 
Table  X. 

Resistance  of  soft  copper, 
One  foot-grain  at  3  2^  -2064      ..   "i*  31 47097 
Correction  for  28°,  1*0605  ..      ..     0*0255107 

Unit  resistance  at  60°,  U ""1*3402204  s=  *2i889 
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471.  Constants  op  Unit  Wikes. — Table  X.  rives  the  principal 
constants  required  for  calculations.  Those  for  German  silver 
and  brass  are  for  average  values,  and  those  of  Col.  lY.  for  the 
grain-foot  resistance  U  ought  to  be  determined  for  any  particu- 
lar sample  if  exactness  is  required.  In  the  case  of  German  silver 
it  may  vary  jo  per  cent.,  and  in  that  of  copper,  in  proportion  to 
its  conductivity. 

Table  X. — Constants  of  Unit  Wibbs. 


I. 

n.  H 

m.  G 

IV.    U 

Specific  Graini  per  |  Area  in  mils  per  gndn- 

Besistance  at  60°  Fahr. 

gravlty.'  mO-foot 

foot 

of  foot  grain. 

MiU.        Logarithm. 

"^Ohma.            Lofr^ 

Water    ..     .. 

I' 

•0023793420-39      2*6235422 

Copper  ..     .. 

8-9 

•02117611  47^22     i^674i522 

-2189-1-3402204 

Iron       ..     .. 

7-8 

•0185590    53-88     1-7314476 

I-1634     0-0657173 

German  Silver 

8-7 

•0207003 

48' 31     1-6840229 

2-6699     0-4264939 

Brass     ..      .. 

8-4 

•0199865 

50*03     1-6992629 

•9938-K9972763 

Platinum 

31-4 

•051006 

19-61     1-2923782 

3-8879     0*4760559 

Carbon  ..      .. 

1-6 

•003807 

262-68     2-4194222    95-592       1-9802392 

1 

472.  Formulae  for  Wires. — As  the  following  formulse  differ  in 
several  points  from  thoee  generally  given  to  attain  the  same 
results,  it  may  be  explained  that  this  is  owing  to  the  definite 
system  of  which  these  form  a  part.  Most  other  formulae  are  single 
ones,  devised  each  for  its  own  purpose  and  often  based  upon 
mere  actual  measures  of  particular  wires,  which  often  vary  in 
quality.  Those  given  here  may  have  no  actual  superiority  over 
these  others,  except  as  forming  part  of  a  definite  system  based 
upon  mathematical  truths,  and  linked  especially  to  the  concep- 
tion of  wires,  not  as  each  separate  entities,  but  as  consisting  of 
collections  of  unit  wires  of  definite  property,  thus  giving  to  dP 
an  extendi  meaning,  from  the  mere  square  of  the  diameter  of 
single  wires  to  the  number  of  units  in  all  wires. 

473.  Symbols  used  in  the  Formoljb. — Let  the  following  letters 
represent  the  requisite  particulars. 

W  =  weight  in  grains.    W  -=-  7000  =  weight  in  pounds. 
w   =      ditto      per  foot.     =  M  X  <i'  or  <P  -r  G. 
M  =      ditto      per  mil-foot  =  mx«ori-rGorU-J-«. 
m  =      ditto     ditto  of  water  =  '0023793  Log.  ""3  •  3764578. 
d    =  diameter  in  mils  (inch  'ooi)  =  square  root  of  d*. 
<P  =  square  of  diameter  =  area  in  circular  mils  =  ic  X  Q. 
G  =  area  in  mils  of  the  grain-foot  =  i  -=-  M  or  »  -r  U. 
g   =      ditto    ditto  of  water  =  420*29       Log.  2*6235422. 
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I    =  length  in  feet. 

8    =  specific  gravity.     =M-T-«»orU-r-(ttX  jjO- 

B  =  resistance  in  ohms  at  60°  Fahr.  U  x  I-t-  W. 

r    =      ditto    per  foot  =  B  -r-  /. 

U  =      ditto    ditto  of  the  grain-foot  =  r  x  «. 

fi    =      ditto    ditto  of  the  mil-foot  =  XJ  X  G  or  see  £. 

B  =  specific  resistance  of  cubic  centimetre. 

ohm  =  tt  X  0000016624  Log.  ~7  •  2207291. 

ditto  for  microhms,  index  "i ;  for  G  O  S  units  2. 

B  X  reciprocal  of  these  constants  gives  u. 

«  X  m  gives  all  the  data  for  weight,  d^c,  so  that  fnm 
these  two  data  all  requisite  information  can  be  calcu- 
lated. 

474.  Diameter. — To  ascertain  the  size,  or  gauge^  or  the  dia- 
meter of  any  totre,  d,  weigh  and  measure  carefully  any  convenient 
piece,  and  reduce  to  grains  per  foot.  Multiply  this  by  ti^ 
constant  G  in  Column  III.  (47  •  22  for  copper).  This  gives  the 
sectional  area  in  circular  nUUy  <P,  and  the  square  root  of  this  is 
the  diameter  in  milSf  d. 

d=  ViTS. 

Ex.  4  ft.  weigh  yi^  grs.     ..      ^.     o'4983io6 

Divided  by  4 0*6020600 

to,  grains  per  foot "i*  8962506  =  0-788 

G,  constant  for  copper,  47 •  22     ..      1*6741522 

cP,  sectional  area 2)1*5704028  =  37^10 

d,  diameter  in  miU      0*7852014  =6*1 

For  other  metals  proper  constants  should  be  used. 

Besistance  of  a  length  being  known  x  by  conductivity  and  -r  by 
length  in  feet  to  reduce  to  resistance  per  foot  as  pure  copp^, 
=  r ;  then 

G  X  XJ  -r  r  =  <r.    G  X  U  for  copper  =  10*3365  Log  i  '0143726 
orU-rr  =  w  X  G  =  <P. 

475.  Weight  or  Length. — The  diameter  being  known^  to  cueertam 
the  WEIGHT  of  any  lengthy  or  the  length  of  any  weighty  multiply 
the  square  of  the  diameter  by  Column  II,  of  the  Table,  the 
grains  per  wit^foot.  This  gives  the  weight  in  grains  per  foot, 
from  which  all  required  weights  and  lengths  are  ascertainable 
by  common  arithmetic. 
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Or,  diyiding  the  square  of  the  diameter  by  the  area  of  the  grain- 
foot  G,  Column  IIL,  will  also  give  the  grains  per  foot, 

476.  For  copper  wire,  the  square  of  the  diameter,  with  following 
constants,  will  give  the  particular  information  in  each  case. 

Log. 

Feet  per  pound,  divide hyd^.,         330560  5*51 92502 

Yards  per  pound,      ditto     . .          1 1 01 8 7  5  •  042 1289 

Grains  per  foot,  multiply  by  d*    0*02 1 1761  -2  •  32 58478 

Lbs.  per  looo  feet,     ditto         0*0030252  "3-4807498 

Lbs.  per    mile,            ditto         0*015973  ""2 '203 ^837 

Lbs.  per  nautical  mile,  ditto        o *  01 841 4  ""2  •  265 1 5  3 1 

The  same  constants,  used  in  the  opposite  manner,  will  give 
the  area,  and  hence  the  diaraeter  of  a  toire,  of  which  any  of  these 
particulars  are  known. 

The  following  constants  also  furnish  useful  data  as  to  copper 
wire;  they  are,  in  fsuot,  the  resistances  of  a  wire  of  one- 
thousandth  inch  diameter,  of  the  length  named,  at  60^,  and  are 
to  be  divided  by  the  sectional  area  in  mils,  d\ 

Ohms  per  foot  at  60**     .. 

Ohms  per  yard     

Ohms  per  mile      

Ohms  per  nautical  mile  at  60® 
Ohms  per  lb.  divide  by  d*  .. 
Feet  per  ohm,  multiply  by  d^ 

477.  Besistance. —  To  ascertain  the  resistance  of  any  wire  at  60°, 
divide  the  unit  resistance  U,  Column  IV.,  by  the  weight  in 
grains  per  foot  This  gives  the  resistance  per  foot,  which 
multiply  by  length  required. 

B  =  Ux  - 

w 

Or,  multiply  U  by  the  length  in  feet,  and  divide  the  product  by 
the  area  multiplied  by  M,  the  grains  per  mt2-foot. 

JEi.  £        1 

This  last  formula  pves  another  constant,  the  resistance  of  the 
infl-foot  at  60°,  which  might,  if  preferred,  serve  as  the  princi- 
pal unit  instead  of  the  grain-foot. 

478.  Conductivity. — Measure  the  resistance  of  any  convenient 
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length,  correcting  for  temperature  to  60**.    Divide  1 

in  feet,  and  multiply  by  the  weight  in  grains  per  foot. 

gives  the  resistance  per  grain  foot,  or  specific  resistance,  by 

which  divide  the  nnit  0*21889.    The  quotient  is  the  condiio- 

tivity. 

The  actual  measurement  of  wire  for  its  resistance,  in  order  to 
ascertain  its  conductivity,  may  be  effected  on  three  distinct 
systems. 

(i)  The  measurement  of  any  length  and  reducing  the  length 
and  resistance  to  the  unit  foot-grain  or  mil. 

(2)  By  Clark's  system.  A  standard  wire  of  copper  is  mounted ; 
its  length  or  size  is  of  no  consequence,  but  its  resistance  is  made 
0*1516  ohm  at  60^,  being  equivalent  to  a  pure  wire  100 in. long 
weighing  100  grains;  the  conductivity  of  any  other  wire  is 
measured  direct  by  balancing  the  necessary  length  against  this, 
and  will  be  as  the  square  of  its  length  in  inches  divided  by  its 
weight  in  grains.  This  has  the  advantage  of  requiring  no 
correction  for  temperature,  as  both  the  wires  vary  alike,  caie  of 
course  being  taken  not  to  so  pass  current  through  as  to  act 
unequally  on  them. 

(3)  By  a  pair  of  stout  clamps,  forming  one  of  the  openings  of 
a  AVheatstone's  bridge,  and  best  fixed  exactly  i  foot  apart;  the 
resistance  per  foot  is  thus  measured,  and  multiplied  by  its 
weight  in  grains,  gives  the  actual  foot-grain  resistance. 

Example.  The  4  feet  of  wire,  weighing  3*15  grains,  used 
§  474,  gave  a  resistance,  at  72^  of  ohms,  i  '349. 

Besistance,  1*349 0-1300119 

72  —  60  =  12°,  correction,  1*0255      0*0109357 

K,  resistance  at  6c9        0*1 190762  s=  i  *  3 1 5 

«,  grains  per  foot,  0*788        ..      ..    "1*8962506 

0*0153268 
Z,  length  4  feet         0*6020600 

Bes.  per  grain-foot  at  60®,     ..      ..  "i  *4i 32668  =  0*25898 

Unit  grain-foot  resistance,  0*21889  "1*3402204 
Actual       „        resistance,  0*25898  "1*4132 668 

Conductivity ""1*9269536  =84*  5  per  cent. 

Or,  measure  and  weigh  any  length  of  which  the  resistance  is 
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known,  and  mnltipl j  U  by  the  lengtli,  and  divide  by  weight 
per  foot,  which  gives  the  equivalent  resistance  as  pure  copper, 
which  divide  by  the  actual  resistance. 

The  relative  conductivity  of  any  metal  as  compared  with  any 
other  taken  as  standard  can  be  calculated  thus  for  equal  weights 
or  equal  sections ; 

U  or  tt  of  standardx  loo    +u  silver  tt=9*i5ix  ioo_  q, 

TJ  or « of  substance  zinc     tt=        34-2  ^^ 

Cols.  rV.  and  V.  of  Table  IX.  are  obtained  in  this  way. 

479.  Copper. — This  varies  very  greatly  in  its  electric  proper- 
ties, ranging  in  conductivity  from  97  per  cent,  as  low  as  ^o.  It 
is  of  great  importance  to  attend  to  this,  for  in  making  an 
instrument,  be  it  a  galvanometer,  an  electro-magnet,  or  a  coil, 
resistances  should  be  duly  balanced  with  the  battery  power 
employed,  while  it  is  of  great  importance  not  to  use  wire  un- 
necessarily large,  because  this  increases  cost  and  diminishes  the 
effect;  so  that  by  not  attending  to  this  we  may  obtain  only 
half  the  effect  we  should  by  securing  good  wire. 

Mathieesen  gives  the  relative  conductivity  of  various  coppers 
as  compared  with  hard-drawn  silver  : 

Pure  copper :  Temperature. 

Oxide  reduced  by  hydrogen     .•      ..  93  •  o  at  1 8  •  6  C. 

Electrotype,  not  melted 93  * 4^  »  20*  ^  n 

„  fused  in  hydrogen       ..  92*76  „  19' 3  „ 

The  conducting  power  increased  about  2  per  cent  by  annealing 
the  wires. 

Impure,  or  commercial  coppers :  Temperature. 

Containing  red  oxide,  melted  in  air  73  •  32  at  19*  5  C. 

„        o' 95  of  phosphorus       ..  23*24  „  22*1  „ 

„        2  *  80  per  cent,  of  arsenic  13*14  „  19*1  „ 

„        I '60  per  cent,  of  zinc   ,.  56*98  „  iO'3  „ 

Taking  the  pure  unmelted  electrotype  copper  as  standard,  or 
100, 

Spanish  (Bio  Tinto),  containing  arsenic,  iron, 

lead,  &c.,  was '4'M 

Bufisian,  with  traces  of  same 59*34 

Tough  cake  71 '03 

Australian,  Burra  Burra 88*86 

American,  Lake  Superior 9^*57 

These  figures  show  that  excellent  commercial  wire  may  be 
very  bad  for  electrical  purposes.  ^         , 
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480.  Table  op  Copper  Wire. — This  is  calculated  on  the 
formul®,  §§  474-7,  for  the  most  useful  sizes  of  copper  wire,  bat 
its  readings  may  be  translated  into  the  values  of  other  metals 
by  the  foUowing  constants : — 

^^ 

1.  Weights.  [Iron        ..     ..     ..        '87641  -i*9427ch6 

Multiply  by  <  German  Silver       , .         •  9 7  75  58         -i  •  9901 29} 
(Braas       '94383  -1-9748895 

2.  Lenotbb.         (Iron         1*14003  0-0572954 

Multiply  by  < German  Silver    .  ..       1*02298  0*0098707 

(Brass       1*05952  0*0251107 

3.  BsBiflTAKOB.     (Iron         5*3149  0-7254969 

Multiply  by  <  German  Silver       . .     12*  2009  i  *  086  3826 

(Brass       4'54  0*6570559 

4.  Length  or  Bbsistange  (GoL  IX.)  divide  by  the  oonstants  in  3, 

which  are  the  conduotivities,  copper  being  i.  In  like  mannisr 
the  oonduotivity  of  any  oomm^xiial  copper  or  other  metal  will 
give  the  correction  to  employ. 

The  data  chosen  have  been  those  most  extensively  availaUe; 
thus  1000  feet  is  taken  because  the  change  of  the  decimal  point 
converts  the  value  into  that  of  i,  lo,  or  lOo,  while  multipijing 
by  5  *  28  converts  it  into  a  mile.  The  last  column  is  likely  to 
be  very  useful  to  those  who  wish  to  select  wires  for  any 
purpose,  especially  as  multiplying  by  1 2  gives  very  closely  the 
value  in  German  silver.  The  figures  in  the  fooi-grain  and  «iZ 
lines  are  the  constants  for  use  in  the  formulte.  The  diameten 
are  shown  in  millimetres  for  comparison  when  required ;  while 
the  millimetre  and  metre-gramme  lines  furnish  constants  which 
will  enable  the  calculations  to  be  made  in  the  metric  measures 
in  the  same  manner  as  is  described  for  the  foot-grain  system. 

481.  Ebsistance  of  Liquids. — For  equal  dimensions  this  is 
vastly  greater  than  that  of  metals,  but  it  is  subject  to  the  same 
laws ;  it  varies  inversely  as  the  sectional  area,  and  directly  as 
the  length.  Therefore,  by  doubling  the  area,  or  what  is  fre- 
quently the  same  thing,  doubling  the  size  of  the  plates,  we 
halve  the  resistance,  or  may  double  the  distance  apart  without 
increasing  the  resistance.  This  holds  exactly  true  only  when 
the  plate  fills  a  cell  of  square  section,  as  to  which  see  §  484. 
The  law  also  holds  true  only  as  to  the  real  liquid  resistanoe, 
the  molecular  motion  in  the  liquids  themselves.  There  are 
really  three  elements  of  resistance  in  most  liquids : — 

(i)  The  true  liquid  resistance  just  spoken  of,  and  to  which 
alone  this  section  refers. 

(2)  The  resistance  at  contact  of  the  plate  and  liquid  which 
varies  the  active  area,  as  when  a  gas  is  given  off  and  coven 
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part  of  the  surface :  this  may  be  regarded  as  analogous  to  dirty 
surfaces  or  bad  soldering  with  wires,  &c. 

{3)  An  absorption  of  energy  when  an  electrolyte  is  deooni« 
posed,  Tv-hich  has  been  given  the  confusing  name  of  '*  polariza- 
tion "  of  plates,  as  to  which  see  §  261. 

The  resistance  of  a  porous  cell  is  really  due  to  the  reduction 
of  the  area  of  the  liquid  :  hence,  if  this  be  measured  in  ohms,  it 
will  be  different  if  the  liquid  is  a  good  or  bad  conductor,  as  the 
real  thing  measured  is  the  conducting  capacity  of  the  liquid 
absorbed  in  the  pores. 

Heat  has  the  opposite  effect  in  liquids  to  that  upon  metals : 
for  heating  diminishes  the  resistance.  In  some  cases  the  re- 
sistance at  32°  is  three  or  four  times  as  great  as  at  212^,  and  in 
the  case  of  soda  lye,  nearly  100  times  as  great. 

482.  With  the  exception  of  metals  when  fused,  or  like 
mercury,  liquid  at  ordinary  temperatures,  liquids  appear  not 
to  conduct  electricity  at  all,  except  when  undergoing  electro- 
lytic decomposition.  Thus  oils,  sJcohol,  dec,  are  very  perfect 
insulators,  and  even  water,  when  absolutely  pure,  has  no  power 
of  conduction,  but  when  containing  gases  or  saline  bodies  it 
breaks  up  and  conducts :  then  the  degree  of  resistance  offered 
depends  upon  the  specific  property  of  the  substance,  and  the 
degree  of  concentration  of  the  solution. 

483. 1  have  collected  the  most  important  information  available 
in  the  following  Table,  from  which  it  appears  that  in  some 
cases  saturated  solutions  are  the  best  conductors;  in  others 
there  is  a  particular  degree  of  saturation  at  which  resistance  is 
least,  conductivity  diminishing  both  above  and  below  it.  These 
latter  are  deliquescent  or  extremely  soluble  salts.  Probably 
this  may  throw  light  upon  the  nature  of  solution  and  upon 
the  qu^tion  whether  crystalline  bodies  dissolve  as  such,  with 
their  water  forming  part  of  the  dissolved  molecules,  or  whether 
only  the  salt  itself  is  dissolved.  Many  chemical  facts  tend  to 
show  that  salts  which  crystallize  in  two  or  more  forms  with 
different  amounts  of  water,  have  different  solubilities  in  the 
different  forms. 

484.  Conduction  through  Ligxraw. — It  may  be  supposed  that 
electricity  takes  only  the  shortest  and  straightest  path,  and 
that  in  a  liquid  with  two  plates  in  it,  the  current  would  be  con- 
fined to  the  stratum  of  liquid  lying  between  the  plates.  This 
is  not  tiie  case.  Electricity  divides  itself  through  every  path 
open  to  it  in  the  ratio  of  the  resistances  of  each  path.  Therefore 
if  small  plates  are  immersed  in  a  large  vessel,  every  particle  of 
liquid  in  the  vessel  will  form  itself  into  a  path  for  current. 
This  may  be  tested  by  means  of  two  wires  fixed  mto  a  frame 
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and  connected  to  a  galvanometer.  On  dipping  these  into  a  li<;iiid 
through  which  current  is  passing  they  will  form  part  of  tlie 
circuit,  replacing  the  liquid  lying  between  them,  although  they 
have  no  metallic  oonnection  to  the  plates  or  battery.  According 
.to  the  part  of  the  liquid  they  are  placed  in  will  be  the  amount 
of  current  they  intercept,  and  by  calculation  of  the  various 
elements  of  the  current,  this  will  show  the  relative  quantities  of 
electricity  passing  in  different  parts  of  the  vessel. 

Besistances  of  Liquids  and  Insitlatobs. 


IL 


m. 


IV. 


Sabfltance. 


Reslstanoes 

compared  to 

Copper. 


Specific    !l*'°P- 


Besistance. 


I  Centi- 
grade. 


per  (Xftt. 
per  lieK.C. 


Copper,  hard 

Mercuiy 

Copper  sulphate,  saturated       . .    . 

M  n        diluted  to  half 

„  „        lib.  per  gallon     . 

„  „         Cn  8O4  +  45  H2O 

Zinc  sulphate,  saturated 

„  „        dUutedtobalf  ..     . 

„  „        Zn  SO4  +  23  HaO    . 

Sodium  chloride,  saturated       . .    . 

diluted  to  half 
H2SO4 '2  per  cent,  in  water    ..     . 
»•      8*3      >»               »»           ..     « 
»    20  „  

,,86  „  n  ..       . 

1vol.  to  11  of      „  ..     , 

Nitricadd,  8p.gr.  1-364 

„      1-31     

Distilled  water     

Rain  „         

Selenitiin,  vitreous 

Glass      

Mica       

Otttta-perQh& 

n  ••      ••      ••      

Shellac 

Hooper's  material      


I' 

5«'20 

16,855. 5ao* 
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I,6o6,coo* 
976,000* 
6,754,208,000* 
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Everett 
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Fiff.  72  shows  the  facts:  even  the  backs  of  the  plates  take 
part  m  the  action,  and  it  is  most  active  upon  the  edges  from  the 
same  causes  which  render  points  and  edges  active  in  static 
electricity,  §  63.  Hence,  contrary  to  oommon  opinion,  the  backs 
of  battery  plates  are  to  some  extent  active.  Mount  a  pair  of 
plates  with  one  side  varnished,  either  as  a  battery  or  in  a 
coppering  cell  with  a  galvanometer,  and  note  the  effect  when 
the  varnished  sides  or  the  bare  sides  are  presented  to  eaoh  other. 
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485.  Eabth  Connection.— These  facts  explain  why  the  re- 
sistance  of  a  telegraphic  return  current  by  earth  plates  is  so 
small  as  to  count  for  nothing  as  compared  with  that  of  the 
wire.  The  return  current  passes  through  the  liquids  of  the 
earth  and  sea  just  as  in  the  case  of  a  common  decomposition 
cell,  and  its  plates  are  subject  to  the  same  effects  of  polarization, 
§  260,  but  the  lines  of  current  are  not  limited ;  they  spread  out  in 
all  directions,  as  in  Fig.  72,  and  the  result  is  that  the  only 

Ficu  72. 


actual  resistance  is  of  the  order  2  and  3,  §  481.  There  is 
another  theory  favoured  chiefly  by  mathematicians,  that  the 
earth  may  be  regarded  as  an  infinite  reservoir,  §  28,  or  else  as 
an  infinite  pair  <$  condensing  plates  in  which  the  potentials  set 
up  in  the  wire  are  lowered  to  zero. 

But  if  we  enclose  a  liquid,  or  moist  earth  in  a  tube,  we  find 
that  tube  is  a  conductor,  and  it  acts  in  all  respects  as  a  wire 
does ;  we  may  lengthen  it  or  add  tube  to  tube,  still  the  same, 
still  the  resistance  as  it  grows  obevs  the  definite  laws :  why  then 
set  up  a  new  idea  when  we  deal  with  the  earth?  this  is  we 
know  a  mass  of  electrolytes,  and  we  know  also  that  the  plates 
act  exactly  as  two  plates  in  a  solution  do.  The  analogy  has 
another  view :  if  we  use  a  copper  earth  plate  in  London  and  a 
zinc  earth  plate  at  a  distance  and  in  such  a  direction  as  elimi- 
nates the  disturbing  action  of  the  natural  currents  of  the  earth, 
these  plates  act  precisely  as  though  they  were  in  a  cell,  thev 
produce  a  current  traversing  the  wire,  and  if  we  soak  the  earth 
around  the  copper  plate  with  a  copper  salt,  we  get  all  the 
effects  of  a  Daniell  cell :  is  it  not  obvious  then  that  the  inter- 
mediate earth  is  acting  precisely  as  does  the  liquid  in  an 
ordinary  cell  and  completing  the  circle  of  the  current  ? 

486.  The  following  description  is  that  of  an  instrument  I 
devised  for  measuring  the  true  electric  resistances  of  liquids  and 
eliminating  all  disturbances.  It  is  really  a  Wheatstone's  bridge, 
or  may  be  used  with  a  differential  galvanometer.    Three  glass 
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cells  ore  connected  together  by  two  tubes  of  different  lengths 
and  mounted  upon  a  stand,  with  connecting  screws  cloee  to 
them  provided  with  a  vertical  hole.  These  are  for  the  plates  or 
conductors  attached  to  a  wire  which  can  be  easily  put  in 
position.  A  resistance  coil  is  placed  in  the  circuit  of  the 
shorter  tube,  so  that  the  current  which  enters  at  the  middle  o^ 
and  divides  through  the  two  tubes  may  be  equalized,  thus 
causing  exactly  the  same  polarization  effects  in  both  branches : 
if  we  regard  the  middle  cell  as  —  and  the  two  tubes  as  the  arms 
A  C  in  Fig.  64,  the  action  is  evident :  the  extra  resistance  of  Uia 
coils  is  exactly  equal  to  that  of  the  extra  length  of  the  long^ 
tube.  In  order  to  obtain  definite  measures,  the  instrument  is 
first  charged  with  mercury,  and  thus  a  standard  of  comparisaii 
is  obtained  which  dispenses  with  any  accurate  measures  of  the 
tubes  or  liquids,  for  the  liquids  are  really  compared  with  an 
equal  bulk  of  mercury  imder  exactly  the  same  conditions,  and 
these  conditions  equivalent  to  a  known  standard  resistance. 
Open  oblong  cells  may  be  used  in  place  of  tubes,  provided  that 
the  plates  completely  fill  the  cross  section ;  in  this  case  the  two 
sides  of  the  middle  plate  distribute  the  two  currents. 

487.  Heating  of  Wires. — The  law  of  the  heat  developed  hy 
the  current  is  explained  p.  236  as  C^  X  B,  or  E  x  C,  the  unit 
being  the  joule,  §  390,  expressed  in  any  desired  form.  This 
relates  to  the  "quantily  of  heat"  generated  per  second.  The 
actual  effect  or  rise  of  temperature  in  different  substances 

¥  reduced  by  this  quantity  of  heat  is  described  pp.  2i8-2aa 
t  is  necessary  now  to  consider  what  becomes  of  this  heat,  and 
the  ultimate  effect,  which  for  practical  reasons  may  be  most 
conveniently  studied  as  relating  to  copper  conductors,  this 
becoming  nowadays  a  most  important  subject. 

This  matter  has  undoubtedly  received  much  attention  from 
those  engaged  in  electric  lighting,  but  the  information  accessible 
is  very  sli^t.  It  is  no  doubt  a  valuable  professional  and  trading 
knowledge ;  it  also  requires  some  very  extensive  experiments  or 
observations,  and  these  are  apt  to  be  regarded  as  private  rather 
than  public  property.  There  is  therefore  at  present  very  great 
difference  of  opinion,  and  I  submit  the  following  statements  in 
great  degree  as  suggestions,  and  subject  to  further  advance  in 
knowledge. 

488.  Dissipation  of  Heat. — Heat  always  passes  away  from  a 
body  of  higher  temperature  to  its  surroundings  of  lower 
temperature;  it  does  so  at  a  rate  dependent  on  the  difference 
of  temperatures,  and  upon  the  specific  properties  of  surrounding 
bodies.  There  are  three  modes  of  transmission,  Ganductionj  Con" 
vection,  and  Badiatian :  these  must  be  studied  in  works  treating 
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of  heat,  but  a  slight  sketch  of  their  relations  to  electric  con- 
ductors is  necessary,  because  each  process  has  its  own  part 
to  play. 

Candudion  is  the  process  of  transmission  from  particle  to 
particle  of  a  substance,  always  from  the  hot  part  to  the  cold, 
therefore,  in  the  case  of  conductors,  &om  the  interior  radially 
towards  the  surface. 

Convection  is  the  heating  of  molectdes  of  gas  or  liquids  in 
contact  with  the  surface,  which,  becoming  lighter,  rise  and 
give  place  to  cooler  molecules,  thus  carrying  the  heat  away  in  a 
stream. 

Badiation  is  the  constant  escape  of  heat  from  the  surface 
across  space,  or  through  air,  &c.,  which  is  not  itself  heated,  but 
transfers  the  energy  of  heat  to  surrounding  surfaces  which  are 
capable  of  receiving  it  and  reproducing  it  as  heat. 

489.  Conduction  of  Heai  is  effected  from  molecule  to  molecule 
much  as  electricity  is,  and  the  conductivities  of  metals  are  in 
closely  the  same  order  for  heat  as  for  electricity,  though  the  rate 
of  transmission  is  much  smaller.  The  time  of  cooling  of  similar 
bodies  is  as  the  square  of  their  linear  dimensions,  therefore  in 
the  case  of  electric  conductors,  the  rate  of  cooling  of  the  interior 
portion  will  be  as  the  squares  of  their  radii  (or  diameters),  which 
means  as  their  sectional  arecu,  subject,  of  course,  to  other  con- 
siderations. It  is  evident,  therefore,  that  several  small  con- 
ductors will  be  cooler  than  one  equal  to  the  sum  of  them. 

Fig.  28,  p.  88,  may  be  regarded  as  the  section  of  a  conductor, 
showing  successive  shells  of  the  substance  transmitting  the  heat 
from  one  to  the  other. 

Insulating  materials  conduct  heat  badly  as  well  as  electricity, 
therefore  they  tend  to  retain  the  heat  in  the  wire:  most  of 
them  are  also  liable  to  injury  by  the  heat,  and  therefore  their 
nature  limits  the  permissible  temperature  of  the  conductor :  it 
is  obvious  that  their  thickness  should  be  as  small  as  is  con-^ 
sistent  with  effectual  insulation. 

Iron  would  evidently  be  greatly  inferior  to  copper  as  a  con- 
ductor for  large  currents,  not  merely  on  account  of  its  lower 
conducting  power  necessitating  an  equivalent  increased  weight, 
but  because  this  increased  size  would  retain  the  heat  in  the 
conductor. 

One  effect  of  the  difference  of  the  heat  at  the  inner  and  outer 
parts  of  the  conductor  is  to  make  the  different  parts  unequal  in 
conductivity,  tending,  as  it  were,  to  thrust  a  larger  part  of  the 
current  to  tbe  outer  portion  of  the  conductor ;  this  again  tending 
to  the  production  of  greater  heat  in  these  parts,  and  thus  to  the 
restoration  of  equilibrium.  The  distribution  of  heat  in  the  section 
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of  the  condnotor  will  oertamlj  not  be  that  of  a  body  first  heated 
and  then  allowed  to  cool,  but  one  of  nearly  equal  temperatoTB 
thronghout,  accompanied  with  frequent  small  changes  in  the 
distribution  of  current  throughout  the  mass. 

490.  CoNVBCTiON  OF  Heat. — When  a  conductor  is  stirrounded 
by  a  liquid,  the  same  action  occurs  as  may  be  seen  in  wat» 
heated  in  a  metal  vessel,  where  a  continuous  stream  of  heated 
particles  runs  upwards :  therefore  in  a  large  mass  of  ^water  the 
heat  of  a  conductor  would  be  kept  down  nearly  to  that  of  the 
water,  at  its  surface,  and  at  its  interior  in  proportion  to  the 
property  of  conduction  and  size.  In  air  the  same  action  oecnn, 
and  in  other  gases  it  appears  to  occur  at  a  rate  related  to  their 
specific  gravity,  hydrogen  having  the  greatest  cooling  action. 

If  two  pieces  of  platinum  wire  of  equal  dimensions  and 
resistance  are  enclosed  in  tubes  containing,  i,  air,  2,  hydrogen, 
the  same  current  passing  through  them  will  raise  i  to  red  heat, 
while  2  remains  dark.  If  the  two  tubes  are  placed  in  equal 
quantities  of  water  and  the  current  passed  through  both,  the 
water  surrounding  i  will  be  more  heated  than  thatj  a]x>und  2 ; 
though  the  B  of  each  was  the  same  at  first,  wire  i,  beooming 
more  highly  heated,  its  resistance  is  the  greatest,  and  therefore 
in  it  the  same  current  develops  greater  heat. 

Dissipation  of  Heai  by  Convection  plays  an  important  part  in 
conductors  exposed  to  the  air,  and  care  should  be  taken  to 
facilitate  the  action  by  not  placing  them  close  to  ceilings  or 
where  circulation  of  air  is  difficult.  It  is  evident  also  that  thin 
strips  of  metal  placed  vertically  will  be  kept  more  oool  than  the 
same  mass  of  metal  in  a  solid  rod. 

491.  Radiation  of  Heat. — It  is  considered  that  this  action 
is  always  going  on  from  all  bodies,  each  emitting  and  cAch 
absorbing  heat,  with  a  tendency  to  bring  all  to  the  same  tem- 
perature. The  same  conditions  facilitate  emission  and  absorb- 
tion,  and  the  chief  of  these  conditions  appear  to  be  the  nature 
of  the  surface.  The  subject  of  radiant  heat  or  energy  is  of 
great  importance  in  the  generation  of  light,  but  as  regards 
oonductora  it  is  of  interest  only  in  so  far  that  its  laws  show  that 
the  metal  surface,  if  exposed,  should  not  be  polished,  but  is  best 
blackened  with  lampblack  and  size,  and  that  if  enclosed,  the 
outer  surface  should  be  of  such  a  nature  as  is  known  to  assist 
radiation,  and  that  such  forms  should  be  employed  as  give  large 
surface  if  possible.  Fig.  2  8  will  also  convey  an  idea  of  radiation, 
+  being  the  conductor  surrounded  by  air. 

492.  Safe  Ctjerent  in  Wires. — It  is  evident  that  these  three 
actions  have  very  different  bearing  in  different  cases.  With 
small  wires  exposed  to  the  air,  convection  and  radiation  are  of 
most  consequence.    With  large  and  covered  conductors  radia> 
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tion  may  be  of  great  importance ;  but  with  conductors  insu- 
lated and  placed  underground,  conduction,  and  that  the  conduc- 
tion of  the  materials  of  the  earth,  will  be  the  principal  agency. 
No  definite  laws  of  relation  of  current  to  size  of  conductor  are 
posnble :  the  conditions  must  be  adapted  to  eadi  order  of  cir- 
cumstances, and  this  adjustment  is  now  to  be  considered. 

493.  Willoughby  Smith  gives  an  experiment  which  besides 
its  bearing  upon  safe  current  will  serve  as  an  example  of 
various  calculations.  Current  was  transmitted  from  a  dynamo 
machine  to  an  arc  lamp,  through  a  conductor  50  yards  in 
length,  insulated  to  a  thickness  of  '065  of  an  inch,  the  two 
parts  being  allowed  to  touch  at  one  point  of  the  circuit,  at 
-which  if  the  heat  of  the  conductor  were  too  great,  the  insulation 
was  softened  and  the  wires  made  contact.  Ck)nductors  of  three 
sizes  were  used.  When  the  resistance  was  0'28  ohm  and  cur- 
rent 27  amperes  the  conductor  failed  in  25  minutes;  with  0*21 
ohms  and  30  amperes  in  40  minutes,  and  with  '07  ohm  and  33 
amperes  no  injury  was  sustained. 

Assuming  the  conductivity  to  be  96  per  cent.,  we  have  by  §  474 

I  B.  X   iH  =  •^  <**  ^  Ampiw 

„         per  mil. 

150  feet  -28  •001791  57^8*  102*22  27  •00468 
•21  '001344  7691*  162*86  30  '00390 
•07       -000447      23609*       448 '56        33       '00143 

This  latter  value  is  inserted  in  the  list  of  values  for  safe 
current,  and  appears  to  confirm  the  higher  estimate;  but  it 
cannot  be  trusted  to  that  end,  as  it  relates  only  to  a  wire  of 
151*9  mils  diameter,  or  about  No.  ^  B.W.G. 

494.  The  Provisional  order  limits  current  to  2000  amperes 
per  square  inch  in  section,  which  is  1,273,235  circular  mils. 
A  proposed  specification  for  Nottingham  says  1750,  others  give 
1000,  while  Fleeming  Jenkin  says  500,  but  would  not  object  to 
600,  and  considers  1 200  the  limit  of  safety ;  there  is  also  the 
value  of  Mr.  Siemens,  3  square  millimetres  per  ampere,  and  the 
experiment  §^493,  all  of  which  I  will  reduce  to  the  value  in 
circular  mils. 


Amperes  per  sq.  inch. 

Circular  mil. 

Mil8  per  ampere. 

2000   = 

'OOI5708 

636*617 

1750 

•0013744 

727-574 

1200 

•0009210 

1085-75 

1000 

•0007854 

1273-24 

800 

•0006288 

1591-57 

«.      5"^ 

•0003927 

2546-47 

Siemens 

•OO14186 

704*92 

W.  Smith 

•OOI4313 
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495.  As  I  grain  per  foot  means  47*22  mils  (by  §  476),  1000 
amperes  per  square  inoh  means  26*962  grains  per  foot  per 
ampere,  which  figure  or  its  Log  1*4307568  would  serve  as  a 
basis  for  calculations  as  to  size  of  conductors,  multiplying  it  by 
any  preferred  value. 

496.  But  considering  how  wide  the  range  of  differenoe  of  the 
above  figures  is,  it  will  be  more  convenient  to  take  icxdo  amperes 
per  circular  inch  (which  is  nearly  Professor  Jenkin's  limit  of 
safety)  as  the  datum ;  this  makes  all  the  requisite  calculationB 
and  data  decimal  ones  connected  to  the  system  and  formuLe  of 
wires  already  used  in  these  pages.  Then  we  have  as  unit  a 
wire  31*623  mils  in  diameter  (a  small  22  B.W.G.),  which  is 
simply  the  *'  mil  **  unit  of  the  previous  formuls  and  the  following 
data  multiplied  by  1000. 

Mil-cTirrent       ..     ..             ..     ampere  *oor  Log.  ^2-0000000 

A  Mils  per  ampere  (amp^ /ooQ              ..  1000*  ^  3-0000000 

10    Weight,  in  grains  per  foot,  per  ampere . .  21*375  „  2.3  358478 

„           Ids.  per  1000  feet,     ditto    ..  3*025  „  0-4807498 

Resistance  per  ampere  foot  at  60°  Fahr. \  _^^, ^  -,  .«,^  ,,,i: 

J  r Heat  in  ditto,  per^ond,  Joulee          /  ^'°^+  »»  ^  °'«72« 

I        Multiplied  by  sqnare  of  amp^es   ..  x  0*  „  of  O  x  bj  3 

I        Correction  for  temperature  per  deg.  i- 003 15  „  0*0009337 

H  (.Bise  per  second  in  degrees  Fahr.  ..     ..  '03331  „  -r2-5o8oo55 

It  is  evident'  that  these  last  values  must  be  reckoned,  not  at 
the  temperature  of  the  surrounding  air,  but  at  the  limit  of 
temperature  of  the  metal  in  full  work. 

497.  The  size  of  the  conductor  must  modify  the  miUcurreni  :  that 
is  to  say  §  489  shows  that  as  the  size  of  conductors  is  increased 
the  specific  capacity  lowers :  greater  area,  more  metal  must  be 
provided  j>er  ampere.  The  law  which  governs  this  is  not  yet 
clearly  settled. 

The  question  is  how  to  balance  generation  and  dissipation  of 
heat;  to  secure  a  defined  equal  temperature  in  oonductorB 
carrying  different  currents.  The  dissipation  of  the  heat  is  in 
fact,  whatever  the  mode,  a  function  of  surface^  and  in  rods, 
square  or  round,  surface  increases  <u  the  diameter  only,  while 
area,  or  current-carrying  power,  increases  ae  the  square  of  ike 
diameter :  therefore  with  equal  mil-currents,  the  heat  in  the  con- 
ductor increases  as  the  square  of  the  surface  through  which  it  is 
to  be  dissipated.  To  ms^e  the  surface  ratio  equal  for  large  and 
small  currents  the  area  would  have  to  be  increased  as  the  square 
of  the  current,  which  would  be  largely  increased  expense  and 
unnecessary  capacity.  The  true  law  is  undoubtedly  something 
between  these  two  limits. 

Professor  Forbes  says  that  as  C  =  cP  the  proper  law  should 
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be  C  =  square  root  of  d",  but  Siemens  says  that  experiment 
does  not  agree  with  this  formula  and  that  it  does  show  that  the 
law  is  C  =  d,  which  means  that  the  section  and  weight  should 
increase  as  the  square  of  the  current  with  the  disadvantage  just 
described. 

498.  My  own  auggettion  08  to  Ae  prchlem  is  that  the  ratio  of 
area  to  current  (which  shall  maintain  equal  temperature  in  the 
conductor)  will  be  described  by  a  logarithmic  curve  in  which 
the  ampere  area  will  be  gradually  increased ;  the  effect  of  this 
is,  by  reducing  the  mil-current,  to  lower  the  resistance  per 
ampere,  and  therefore  also  the  heat  genercUed;  on  the  other 
hand,  the  ratio  of  surface  will  be  greater  than  that  due  to  equal 
mil-currents,  and  therefore  the  escape  of  heat  will  be  less 
obstructed;  the  two  will  combine  in  giving  the  conductor  of 
the  least  weight  which  will  be  effective  under  the  drcum* 
stances.    Such  a  curve  would  probably  be  of  this  character 

^=  VOxCi, 

in  which  h  would  be  a  value  to  be  determined  bv  experiment. 
In  other  words  the  mil-current  would  be  gradual^  lowered,  or 
the  ampere  area  increased  in  some  ratio  of  0.  Of  course  the 
initial  mil-current  would  be  different  according  to  whether  bare 
wire  were  used,  or  insulation  of  different  kinds,  and  also  the 
curve  would  be  steeper,  that  is  h  would  be  greater,  for  insu- 
lated than  for  exposed  conductors:  to  construct  a  general 
formula,  therefore,  other  elements  would  have  to  be  included. 

499.  I  have  not  the  experimental  fEicilities  for  determining 
this  matter,  but  I  should  suggest  that  it  is  one  which  should 
be  studied  by  examining  the  surface  temjperature  produced  in  con- 
ductors of  various  dimensions  by  different  currents,  and  it 
appears  that  this  might  be  conveniently  done  by  means  of  a 
single  therrao-element  composed  of  a  pair  of  thin  broad  plates, 
the  junction  of  which  could  be  applied  parallel  with  the  axis  of 
the  conductor:  the  galvanometer  and  thermo-pile  would  have 
to  be  well  insulated  to  avoid  any  leakage  of  current  from  the 
conductor. 

500.  Cost  of  Conduction. — The  amount  of  heat  to  be  gene- 
rated in  the  conductor  has  another  bearing:  the  greater  the 
heat  in  the  conductor  the  greater  is  the  loss  of  energy  in  trans- 
mission ;  that  is,  as  explained,  §  390,  it  is  as  the  square  of  the 
current  forced  through  a  given  conductor,  or  rather  it  is  greater 
than  this  by  the  diminished  conductivity  due  to  the  heat  itself. 
This  is  therefore  a  question  of  continuous  working  expenses.  On 
the  other  hand,  if  the  capacity  of  the  conductor  be  increased,  so 
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as  to  rednoe  this  expenditure  of  energy,  there  arises  the  qneaidon 
of  capital  outlay,  and  interest. 

The  determination  of  the  relative  importance  of  these  two 
depends  upon  the  conditions  of  each  particular  case.  If  the 
conductor  is  to  be  regularly  worked  to  its  full  capadty,  of 
course  the  working  expenses  are  the  most  important.  If  the 
conductor  is  to  be  employed  only  a  part  of  the  time,  the  capital 
outlay  is  a  serious  consideration,  and  it  would  be  better  to 
endure  a  higher  working  cost  than  in  the  other  case.  The  cost 
per  electric  horse-power,  §  391,  at  any  given  place,  and  the  cost 
of  the  conductor  at  the  same  place  are  variable  elements  upon 
which  also  the  decision  depends. 

Siemens  estimates  the  cost  of  electric  energy  in  London  at 
about  one  shilling  per  10,000  Joules,  and  says  that  practice 
allows  the  conductors  to  have  about  one-tenth  the  resistance  of 
the  lamps  to  be  supplied. 

501.  Sir  W.  Thomson's  law  on  this  is  that  the  total  cost  is 
lowest  when 

Cost  of  energy  =  Cost  of  conductor. 

That  is  to  say,  (i"^  the  cost  per  horse-power  of  steam  or  other 
motor  +  the  cost  of  transforming  it  into  electric  energy  by  the 
dynamo  machine  is  reduced  to  some  unit  of  time,  as  per  hour  or 
year :  this  multiplied  by  the  units  of  energy  expended  in  the 
conductor  gives  the  cost  of  energy.  (2)  The  interest  on  cost  of 
conductor,  and  the  expense  of  repairs  and  depreciation  taken 
for  the  year,  or  divided  by  the  number  of  hours  of  working, 
gives  the  other  side  of  the  equation,  and  the  two  together  are 
the  cost  of  transmission  of  the  current. 

502.  Equal  currents  can  transmit  different  quantities  of  energy,  A 
given  conductor  will  carry  diflferent  currents,  and  the  expendi- 
ture of  energy  in  the  transmission  will  then  increase  as  the 
square  of  the  current,  but  will  remain  an  equal  proportion  of  the 
energy  transmitted  ;  this  is  the  meaning  of  the  statements  quoted 
§  423.  But  there  are  conditions  in  which  the  same  conductor 
will  transmit  greatly  increased  energy  while  expending  no  more 
within  itself.  This  depends  on  the  increase  of  E  M  F,  and  a 
proportional  increase  in  the  total  resistemce. 

Let  two  points,  generator  and  receiver,  each  of  i  ohm  B,  be 
connected  by  a  conductor  of  i  ohm.  Now  an  E  M  F  of  5  volts 
produces  C  =  i,  and  1  Joule  energy  will  be  expended  m  the 
conductor.  Let  the  generator  be  so  altered  as  to  generate  2000 
volts,  and  the  receiver  to  utilize  this  EMF,  raising  the  re- 
sistance of  generator  and  receiver  to  1099  ohms.  We  have  still 
only  a  current  0  =  i,  expending  i  Joule  energy  per  ohm,  losing 
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therefore  still  only  i  in  the  conductor,  but  while  passing  into 
the  receiver,  utilizing  so  much  as  corresponds  to  its  proportion 
of  the  total  resistance :  the  loss  of  energy  in  this  case  is  in  the 
generator,  which  necessarily  has  a  higher  resistance  than  in  the 
nrst  case. 

The  restdt  is  that,  the  higher  the  E  M  F  employed,  the 
greater  the  economy  of  electrical  work.  But  though  this  is 
theoretically  true,  ihe  difficulties  of  insulation  and  the  extra 
cost  of  overcoming  these  difficulties,  and  the  great  danger  to 
life  of  very  high  E  M  F,  will  probably  prevent  this  feet  from 
having  the  practical  importance  attributed  to  it  by  some  elec- 
tricians. 

503.  But  this  does  not  ^ve  electricity  the  asserted  advantage 
over  water,  as  a  transmitter  of  energy:  precisely  the  same 
conditions  apply  to  water  in  pipes  under  pressure,  and  even  in 
this  case,  the  limit  imposed  by  risk  of  bursting  the  pipes  is  the 
strict  analogue  of  the  difficulty  of  insulation  with  electricity. 
The  real  advantage  electric  transmission  has  over  hydraulic  is 
not  a  theoretical  one,  or  one  dependent  on  any  difference  in  the 
nature  or  laws  of  transmission ;  it  is  due  to  the  fact  that  elec- 
tricity has  no  mass  of  matter  in  motion,  it  has  no  momentum, 
and  its  conductors  are  smaller,  more  manageable,  and  less  costly, 
while  not  exposed  to  risk  of  freezing. 


P.S. — An  Order  in  Council  appoints  the  following  dimensions 
as  the  legal  wire  gauges  after  ist  March,  1884. 


No. 

Inch. 

No. 

Inch. 

No. 

Inch. 

No. 

Inch. 

No. 

Inch. 

Na 

Inch. 

7/0 

•500 

I 

•300 

II 

•116 

21 

•032 

•0I16 

41 

•0044 

6/0 

•464 

3 

•276 

12 

•104 

22 

•028 

•0108 

43 

•0040 

5/0 

•432 

3 

•353 

13 

•092 

33 

•024 

•0100 

43 

•oo}6 

4/0 

•400 

4 

•133 

14 

•080 

34 

•02a 

•0092 

44 

•0032 

3/0 

•37a 

5 

•ai2 

15 

-072 

25 

•020 

•0084 

45 

•0028 

Vo 

•348 

6 

•192 

16 

•064 

26 

•018 

•0076 

46 

•0024 

0 

'3M 

7 

•176 

17 

•056 

37 

•0164 

•0068 

47 

•0020 

8 

•160 

18 

•048 

28 

•0148 

•0060 

48 

•0016 

9 

•144 

19 

•040 

29 

•0136 

39 

•0052 

49 

•0012 

10 

•128 

20 

•036 

30 

•0124 

40 

•0048 

50 

•0010 
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CHAPTER  VIIL 

SLECTROMOnVS  FORCE, 

504.  To  Mbasube  Electromotive  Force. — This  has  to  be  done 
in  the  terms  of  some  standard  oell,  usually  the  Daniell,  the 
force  of  which  is  known,  bat  if  the  exact  resistance  internal 
and  external,  of  the  circuit  and  the  current  generated  be 
known.  Ohm's  formula  C  X  B  =  E  gives  the  force  in  volts, 
but  as  the  force  and  resistance  are  constantly  altering  in  a 
working  battery,  this  process  gives  us  the  actual  force  at  the 
time,  not  the  potential  £i  M  F  of  the  battery. 

505.  The  same  process  may  be  used  with  tmaU  reaUUmoes  and 
full  currents,  but  in  that  case  the  internal  resistance  must  be 
included  in  the  totals.  Both  rules  depend  on  the  law  that  for 
equal  currents  the  force  is  in  direct  proportion  to  the  total 
resistance.  By  carefully  measuring  the  total  resistance  in  the 
case  of  a  Daniell  cell  and  dividing  this  by  1*079,  we  get  a 
constant  representing  the  force  of  i  volt,  and  dividing  the 
resistance,  which  wiui  any  other  cell  gives  the  standard  fixed 
deflection  (on  the  same  instrument,  of  course),  by  this  constant 
we  get  the  force  of  the  oell  under  trial  in  the  same  manner  aa 
described  more  fully  below  as  to  Wheatstone's  process. 

506.  With  a  veiT  delicate  sine  or  tangent  gcUvanometer  and  a 
large  resistance,  the  amount  of  which  need  not  be  known 
provided  it  is  always  the  same,  the  electromotive  force  is  pro- 
portional to  the  sine  or  tangent  of  the  angle  of  deflection,  and 
having  once  ascertained  the  angle  given  by  a  Daniell,  and  from 
it  that  due  to  i  volt,  the  instnunent  can  be  marked,  or  a  table 
made  of  the  deflections,  so  as  to  read  off  direct  in  volts  tiie 
electromotive  force  causing  the  deflection.  If  the  resistance  is 
made  very  large  the  internal  resistance  of  the  cell  may  often  be 
neglected  if  not  known.    See  §511. 

507.  Wheatitone'a  plan  is  available  either  with  lai^  or  small 
resistances:  it  depends  on  the  production  of  two  constant 
deflections.  In  this  and  the  following  cases  I  will  use  in  the 
formulas  capital  letters  for  the  standc^d  cell  and  small  letters 
for  the  one  to  be  nieasured,  E,  e  being  force  in  volts,  B,  r 
resistance  in  ohms,  0,  e  current  in  amperes,  A,  a  the  standard 
cell  and  that  to  be  measured. 
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A  16  oonnected  with  suoli  resistanoe  as  is  necessary  to  produce 
the  first  fixed  defiection,  say  20°,  and  a  further  resistanoe,  R,  is 
added  sufficient  to  bring  the  deflection  to  a  second  fixed  angle, 
say  10°. 

a  is  now  arranged  to  give  20°;  the  resistance  required  for 
this  need  not  be  measured,  as  it  will  vary  with  the  internal 
resistances  and  has  nothing  to  do  with  the  calculation :  further 
resistance,  r,  is  now  added  to  bring  the  needle  to   lo^  then 

f» 
e  =  E  =  in  volts. 
xC 

This  may  be  simplified  by  once  for  all  ascertaining  the  resist- 
anoe value  of  I  volt,  and  I  will  exemplify  this  by  an  experi- 
ment. 

A  large  Daniell  with  an  external  resistance  of  2*41  ohms, 
and  a  total  resistance  of  2*91,  marks  20°  on  a  galvanometer; 
an  extra  resistance  of  3*11  brings  it  to  10.  Of  course  it  will 
require  the  same  total  resistance  with  every  other  Daniell, 
large  or  small,  to  reproduce  these  deflections,  but  the  external 
resistances  will  be  different  in  all  cases,  for  the  first  deflection ; 
the  second  extra  resistance  will  be  always  constant:  it  is, 
therefore,  a  figure  representing  1*079  '^^^^  ^^  ^^^  instrument 
between  these  angles,  then  1-079  :  i  /.  3*11  ::  2-882. 
This  gives  the  resistance  equivalent  to  i  volt,  and  idl  future 
experimental  resistances  divided  by  this  ^ve  the  force  of  the 
cell  under  trial — for  instance,  a  Smee  ceil  in  fuU  work  took 
I  *  35  extra  resistance  to  bring  the  needle  &om  20°  to  io°.  The 
formula  works  out  thus : — 

1  '-It 

1-079  X  —^  =-468. 

ly       3-11        ^ 

By  using  the  constant  obtained  at  the  first  experiment,  the  multi- 

plying  by  i  •  079  is  for  ever  after  unnecessary,  for  — ^  =  •468. 

2  *  082 

This  is  the  simplest  and  best  plan  for  obtcdning  actual  working 

forces  at  any  time. 

508.  ClaA*8  Potentiometer  is,  perhaps,  the  best  mode  of  mea- 
suring the  potential  of  a  cell  or  battery.  It  is  an  instrument 
resemJbHng  Wheatstone's  rheostat  (p.  237),  which  by  a  slight 
modification  may  be  easily  made  to  serve  the  purpose. 

B  is  the  rheostat,  to  which  an  extra  binding  screw  is  to  be 
added  to  provide  two  circuits,  from  i  through  the  whole  wire  to 
2,  and  also  from  i  through  part  of  the  wire  to  the  travelling 
contact,  and  thus  to  3.  Any  other  apparatus  may  be  used,  even 
a  long  fine  wire  fixed  over  a  scale  along  which  fiie  wire  shown 
as  connected  to  3  may  be  moved.  ,,g,^^,  ^^  Google 
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E  18  a  standard  battery  oonnected  through  a  galvanometer,  O, 
as  shown ;  N  P  is  another  battery  (both  should  be  constant) 
oonnected  with  a  resistance,  r,  which  is  to  be  varied  till  these 
two  batteries  exactly  balance,  and  the  galvanometer,  G,  shows 
no  deflection,  e  is  the  battery  to  be  measured,  and  is  connected 
as  shewn  (all  three  negative  wires  connected  together  at  i), 
through  a  galvanometer  to  the  shifting  contact  at  3. 

Fig.  73. 


The  efifect  is  that  in  the  wire  of  the  rheostat  or  potentiometer 
we  have  a  range  of  potential  from  0  np  to  that  of  E,  say  i  ^079 
volts,  if  E  is  a  Daniell :  therefore  as  the  shifting  contact  is 
moved  by  revolving  the  rheostat  core,  e  has  ojpposed  to  it  every 
degree  of  potential,  and  a  current  will  pass  from  or  to  it  until 
the  contact  reaches  the  point  of  the  wire  in  which  the  permanent 
potential  is  equal  to  that  of  e,  when  the  galvanometer  returns 
to  0,  and  the  scale  will  give  the  potential  of  e  in  parts  of  that  of 
E,  and  this  being  known  that  of  e  is  calculated  from  it.  In 
later  forms  of  the  instrument  arranged  to  be  used  with  the  cell, 
§  238,  of  which  the  E  M  F  is  volt  i  *  A57,  the  BcaHe  is  divided  to 
those  parts  and  therefore  reads  off  witnout  calculation. 

When  the  force  of  6  is  greater  than  that  of  E  their  poeitionB 
are  to  be  exchanged. 

Clark  says  that  by  mecms  of  a  mirror  galvanometer  and  a 
careful  graduation  of  the  instrument  it  is  easy  to  measure 
tensions  to  the  ten-thousandth  or  even  hundred-thousandth  part 
of  a  Daniell  celL 

509.  By  Condefuers* — ^The  force  of  cells  may  be  compared  by 
the  several  charges  they  can  give  to  a  condenser,  but  this 
process  is  one  most  useful  in  such  technical  work^aa  testi 
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cables,  and  those  employed  in  snoh  work  will  have  access  to 
those  books  which  enter  into  this  class  of  subjects  more  com- 
pletely than  is  possible  or  necessary  here. 

510.  The  best  of  all  modes  of  measuring  the  difference  of 
potential  between  any  two  parts  of  a  circuit  or  the  E  M  F  of  a 
battery,  whether  working  or  not,  is  by  means  of  a  delicate 
electrometer  such  as  the  quadrant  electrometer  of  Sir  W. 
Thomson  fitted  with  a  replenisher  and  a  gauge  (which  is  itself 
a  disc  electrometer),  to  keep  the  charge  of  the  movable  part 
perfectly  uniform  and  of  known  degree:  a  variation  of  this 
charge  enables  var^g  forces  to  "^  measured,  because  the 
deflection  is  determined  by  its  intensity  as  well  as' by  the 
charge  derived  from  the  force  to  be  measured,  and  which  is 
given  to  the  quadrants. 

511.  Potential  galvanometers  are  now  made  for  various  practical 
uses.  The  difference  of  potential  between  two  parts  of  a  circuit 
(as  for  instance  the  fall  of  potential  in  a  lamp,  either  incan- 
descent or  arc,  of  which  the  resistance  is  not  easy  to  measure), 
is  required  for  the  calculation  of  the  ener^  consumed  by  the 
formula  E  x  0  which  dispenses  with  &e  resistance,  and 
enables  one  instrument  fitted  to  measure  large  and  small 
currents  to  take  the  two  required  measures. 

These  instruments  simply  carry  out  §  507,  substituting  a 
special  graduation  for  the  sine  or  tangent  principle :  they  are 
simply  small  current  galvanometers  of  large  resistance  compared 
with  the  resistance  of  the  circuit  to  wHch  they  really  act  as 
shunts :  as  therefore  this  resistance  is  considered  as  of  no  account, 
the  measurement  of  the  potential  difference  is  only  approximate ; 
any  construction  of  ^vanometer  can  be  used,  but  as  such 
measures  are  required  in  the  neighbourhood  of  large  currents 
and  dynamo  machines,  the  instruments  ought  not  to  be  affected 
by  them.  The  resistance  may  be  produced  by  a  separate  coil  or 
in  the  wire  of  the  instrument  itself:  the  latter  is  best,  so  as  to 
have  a  large  number  of  turns  of  wire,  with  needles  whose 
oontrol  is  such  as  to  resist  the  influence. 

$12.  Apparatus  fob  Experiments. — As  some  readers  may 
wish  to  make  experiments  on  the  electromotive  force  of  chemical 
combinations,  such  as  are  examined  in  this  chapter,  I  will  ^ 
describe  the  apparatus  and  process  I  have,  after  many  trials, 
found  most  convenient,  the  object  being  to  exchange  oner  part 
for  another  rapidly,  and  without  confusion  or  mixture  of 
substances. 

It  consists  of : — 

(i)  A  stand  fitted  with  two  binding  screws  for  the  wires  to 
go  to  the  galvanometer  and  resistance,  which  connections  may 
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thus  remain  tindistxirbed  for  any  required  time :  the  sorewB  are 
connected  to  two  mercury  cups  into  which  the  wires  from  the 
elements  dip,  thus  pei*mitting  these  to  be  instantly  exchanged. 

(2)  A  U  tube  of  glass  or  wood  cemented,  or,  what  is  the 
same  thin^,  a  vessel  with  a  partition  descending  nearly  to  the 
bottom  ;  tMs  contains  dilute  sulphuric  acid  or  any  other  liquid 
which  is  suitable  to  the  other  liquids  to  be  employed  at  the  two 
elements  which  it  serves  to  connect. 

(3 )  A  number  of  small  porous  tubes  (3X1  inch  are  suitable) 
capable  of  being  supported  in  the  U  tabe  at  the  proper  height. 

(4)  The  various  metallic  plates  are  each  fitted  with  a  wire  of 
such  length  as  to  dip  into  the  cups  on  the  stand  while  the  plate 
is  suspended  in  the  porous  tube. 

This  apparatus  permits  the  exchange  of  each  of  its  consti- 
tuents in  an  instant,  and  in  trying  various  liquids  there  is 
little  disturbance  by  endosmose,  as  the  two  porons  cells  con- 
taining them  are  immersed  in  a  bath  of  intervening  liquid.  Of 
course,  for  experiments  with  manganese,  sulphate  of  mercuiy, 
<&c.,  a  porous  cell  is  to  be  mounted  for  each  substance ;  and  in  com- 

ring  nitric  acid  and  other  oxidizers,  Ac,  a  clean  carbon  must 
us^  with  each  liquid,  but  platinum  is  better,  if  washed  and 
made  red  hot.  Either  a  tangent  or  sine  galvanometer,  or  such 
an  instrument  as  is  described  §511  or  §332,  may  be  used. 

513.  Energy  and  MATTER.--Some  of  tne  general  relations  of 
force  to  matter  have  been  examined,  §§12  and  155-9 ;  we  have 
now  to  examine  more  closely  how  energy  and  force  assume  the 
form  of  electric  energy  or  electromotive  force.  For  this  pur- 
pose we  must  remember  that  each  atom,  and  each  molecule 
of  matter,  involves  as  part  of  its  inherent  nature  an  amount  of 
energy  as  definite  as  of  matter,  but  unlike  the  matter,  not 

Sermanent  in  all  changes;  it  is  definite  and  fixed  only  for  a 
efinite  and  fixed  condition,  and  for  every  change  a  definite 
change  takes  place  in  the  amount  of  fixed  energy.  We  must, 
therefore,  regard  energy  as  possessing  twofold  conditions. 

(i)  Fluctuating,  such  as  the  sensible  heat  of  substances,  which 
enters  and  leaves  them  according  as  they  are  surrounded  by 
bodies  of  greater  or  less  temperature,  but  which  does  not 
change  either  their  physical  state  or  chemical  properties. 

(2)  Fixedf  associated  with  the  matter.  Such  is  what  used  to 
be  called  latent  heai,  now  termed,  potential  energy  ;  the  best  and 
most  definite  idea  will  be  obtained  of  it  by  treating  it,  as  an 
amount  of  energy  linked  to,  or  charged  upon,  the  atoms  and 
molecules  of  matter,  and  inseparable  from  them  wil^out  chaAge 
of  nature  or  physical  state,  the  mode  of  charging  being  the 
imparting  of  internal  motion. 
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Each  snbstanoe  requires  a  definite  amount  of  energy  to  pass 
from  one  physical  state  to  a  higher,  as  from  solid  to  liquid  and 
fftoeous ;  and  at  each  such  change  a  definite  amount  of  energy 
disappears,  becomes  charged  on  the  molecules,  i.  e.  is  converted 
into  latent  heat  or  potential  energy. 

IfUrintie  or  apecifie  energy,  §  516,  is  also  fixed  and  an  inherent 
concomitant  of  each  state  of  chemical  union :  every  elementary 
atom  has  its  proper  energy,  and  the  importance  of  this  view 
will  be  seen  when  we  find  that  the  degree  of  this  energy  is 
really  the  measure  and  the  cause  of  the  chemical  force  or 
affiniUea  of  this  atom.  Every  chemical  action  which  occurs 
under  the  influence  of  affinity,  that  is  every  act  of  com6ttia(ion, 
is  attended  with  a  loss  of  energy,  i.  e.  the  potential  ener^  is  set 
free,  and  becomes  active  and  sensible  in  some  form,  either  as 
heat,  or  electricity,  or  motion.  On  the  other  hand,  every  act  of 
decomposition  (the  reversal  of  affinity)  requires  a  supply  of 
energy  exactly  equal  in  quantity  to  that  set  free  by  the  act  of 
combination,  and  this  energy  is  apain  charged  upon  the  atoms 
or  molecules,  and  disappears — without  it  the  change  cannot 
occur. 

To  make  all  this  really  clear,  and  to  attach  to  our  chemical 
symbols  their  value  in  energy  as  well  as  matter  is  at  present 
impossible,  as  the  data  are  not  yet  sufficiently  ascertained,  not- 
withstanding the  labours  of  Favre  and  Silbermann,  Andrews, 
and  more  recently  of  Thomsen  and  Berthelot.  The  latter 
author  has  recently  published  a  work  on  Thermo-chemistry  in 
which  the  most  ample  information  is  contained.  As  i^eir 
figures  are  given  in  the  metric  system  and  often  as  related  only 
to  grammes  or  pounds,  I  have  reduced  the  most  important  of 
their  infonnation,  into  the  equivalent  in  grains  for  matter  and 
the  foot-pound  for  energy.  I  may  here  remark  that  I  hi^ve 
retained  m  this  chapter  the  values  and  calculations  thereon  as 
in  the  first  edition,  except  in  some  points  as  to  definite  rela- 
tions of  weights  and  measures,  which  I  have  altered  somewhat 
to  agree  with  those  used  by  Prof.  Everett  in  his  work  upon  the 
O.G.S.  system  of  units.  The  reason  I  have  not  changed  the 
values  of  specific  energy  for  later  and  possibly  more  correct 
Ones  is  that  true  accuracy  cannot  be  attained  as  yet :  until  the 
real  value  of  the  ohm  and  ampere  is  ascertained  all  such  calcu- 
lations must  be  approximate:  when  this  is  done  wiU  be  the 
time  to  aim  at  exactness,  and  in  another  edition  many  of  the 
figures  in  this  chapter  may  be  somewhat  altered,  but  this  will 
not  affect  the  principles  involved. 

514.  Mechanical  Equivalent  of  Heat. — ^As  a  consequence 
of  the  doctrine  of  conservation  of  energy,  the  wious  forces 
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(which  are  forms  of  energy)  are  capable  of  expression  either  in 
a  single  measure  or  in  terms  of  each  other.  Experiment  has 
proved  this  for  heat,  and  shown  that  a  definite  quantity  of  heat 
IS  actually  transformed  into  a  definite  quantity  of  mechanical 
work  ;  that  is  to  say,  that  a  poond  of  water  raised  in  tempera^ 
ture  so  many  degrees  Fahr.  or  raised  so  many  feet  against 
gravity  means  the  same  energy  expended  or  stored.  What  the 
exact  quantity  is,  is  a  matter  for  experiment  of  a  very  difficult 
nature,  and  therefore  the  exact  vsJue  is  not  really  known,  and 
as  different  values  may  be  found  in  different  books  this  should 
be  understood.  The  following  is  a  list  of  several  determina- 
tions by  different  processes  in  terms  of  the  gramme-metres 
equivalent  to  the  calory. 

Him     ••  ..  Friction  of  water  and  brass  432 

„       ..  ..     Crushing  of  lead 425 

„       ..  ••  Specific  heats  of  air      ..      •.  441*6 

Begnault  ..     Velocity  of  sound 437 

Glausius  ..  General  properties  of  air      ..  426 

Favre    ..  ..  Electro-magnetism       ..      ..  443 

Glausius  ..  Heat  of  current  in  wire       ..  400 

Joule    ..  ..  „                     „              ..  429*3 

„       ..  ..     Friction 423*55 

This  latter  value,  which  represents  772  foot-lbs.  per  lb.  deg. 
Fahr.  of  water,  is  the  one  generally  accepted  at  present  by 
engineers.  Another  value  is  coming  into  use,  chiefly  for 
arithmetical  reasons  of  the  mathematicians :  42  million  "  ergs  " 
written  as  42  x  10^  is  a  handy  figure,  and  this  is  being  adopted : 
its  value  in  ^amme-metres  per  calory  is  427  •  87,  and  the  foot- 
lbs,  per  English  heat  unit  779*88.  The  value  used  in  these 
pages  is  772  foot-lbs.  and  its  equivalent  in  the  metric  system. 

515.  Eelations  of  Units. — ^As  different  systems  of  measure- 
ment are  used  in  different  works,  and  in  most  scientific  books 
the  metric  system  is  used  and  may  not  be  understood  bv  all 
readers,  I  have  worked  out  Table  XVII.,  p.  325,  which,  subject 
to  the  remarks  §  513,  shows  the  mode  of  converting  the  values 
in  one  system  into  those  of  others.  I  have  selected  those  figures 
which  have  proved  most  useful  in  my  own  experience.  It 
should  also  be  remarked  that  the  values  here  are  in  slight  degree 
different  from  others  to  be  found  in  the  work,  as  in  the  case 
of  the  calory,  lines  22  and  23.  The  cause  of  this  is  that  the 
C.G.S.  system  being  based  upon  definite  principles,  it  is  desir- 
able to  have  the  values  which  are  thus  theoretically  correct: 
but  as  neither  the  ohm  nor  the  ampere,  nor  in  fact  several 
observed  data  are  exact  to  the  C.G.S.  system,  these  other  values 
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may  be  even  more  oorrect  in  practioe,  and  the  differences  are  not 
great.  The  valaes  of  the  jonlad,  lines  24,  26-7,  on  the  grain 
system  are  here  based  npon  line  23,  the  theoretical  value, 
while  in  the  body  of  the  work  figures  may  be  found  based 
upon  line  22,  the  practical  accepted  value.  The  values  are 
as  correct  as  circumstances  allow.  Different  writers  call  the 
gramme  =  15*438,  15 •434,  15*43255  grains,  and  give  the 
calory  unit  of  heat  different  values  according  as  it  is  related  to 
water  at  0°  or  4°  Cent.  This  name,  calory,  is  also  given  to  two 
values ;  the  original  unit  and  the  value  always  meant  in  these 
pages  is  i  gramme  of  water  raised  1°  Cent.,  but  it  is  often  used  to 
mean  1000  grammes.  I  have  given  the  logarithms,  which  are 
more  exact  values  than  the  decimals,  so  that  the  operations  given 
can  be  reversed  by  subtracting  instead  of  adding  or  by  adding 
the  reciprocal  of  the  logarithm  (i.  e.  the  log  subtracted  from 
o*ocxxxx)o),a  process  often  useful  also  to  enable  an  intiicate 
calculation  to  be  worked  out  by  one  final  act  of  addition.  The 
mode  in  which  the  figures  are  obtained,  and  the  plan  of  using 
them,  will  be  best  seen  in  an  example.  Andrews  gives  the 
heat  of  combustion  of  sdnc  in  oxygen  as — 

Log. 
Calories  per  gramme      ..      1330        3'i2385i6 
Equivalent  of  zinc  ..      .,     32*6        I'^i^iiiS 

Calories  per  gramme  equivalent         4 '63 70692  =  43358 

Eatio  of  grain  equivalent 

Table  XVII.,  line  9         •  198547     -i  •  2977983 

Foot-lbs.  per  grain  equivalent  3  •  9348675  =  8607  •  5 

I  lb.  7000      ..     3*8450980 

Zinc  32-6      ..     i*5i32i76      2*33i88o4 

Foot-lbs.  per  pound  ..       ..      6*2667479  =  1,848,195 

Owing  to  the  various  differences  this  latter  value  is  sometimes 
given  as  low  as  1,463,925  per  pound. 

516.  Intrinsic  or  Specific  Energt. — These  terms  are  both 
used  by  different  authors  to  describe  that  quantity  of  energy 
which  is  definitely  associated  in  each  particular  combination  of 
atoms  into  molecules,  §  513  (2).  It  is  the  essential  agent  of 
chemical  relations,  and  is  really  the  measure  of  the  intensity  of 
chemical  affinity.  In  fact  this  "  intrinsic  energy  "  is  exactly  what 
the  earlier  chemists  very  justly  imagined  the  existence  of  as 
necessary  to  the  explanation  of  the  act  of  combustion;  only 
According  to  the  fashion  of  that  age,  they  invented  a  special 
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form  of  matter — a  fluid — ^wHich  they  called  phlogisiany  to  the 
gain  or  Iobb  of  which  they  attributed  chemical  actions.  In 
principle  they  were  more  true  to  nature  than  the  school  which 
succeeded  them.  However,  that  a£Snity  its  strongest  which  sets 
free  most  heat  in  calorimetric  experiments.  Until  late  years 
this  was  not  understood,  and  chemists  confined  their  attention  to 
the  material  atoms.  But  we  have  in  isomeric  bodies  the  evidence 
that  something  besides  matter  is  concerned.  There  are  many 
pairs  of  substanoes  which  contain  exactly  the  same  elementaiy 
proportions,  but  in  which  the  molecule  contains  double  or  more 
of  all  the  atoms  in  one  case  than  in  another.  But  beyond  this 
there  are  pairs  of  substanoes  exactly  alike  in  material  constita- 
tion,  though  belonging  to  different  types,  §  9 :  these,  however, 
differ  in  intrinsic  energy,  and  if  equal  weights  are  burned  they 
do  not  give  off  equal  heat.  A  great  deal  of  work  has  been  done 
of  late  years  in  tiiis  direction  by  Julius  Thomson  and  Berthelot, 
§  3 1 3,  and  the  latter  has  based  upon  the  facts  of  intrinsic  energy 
a  general  law  of  chemical  a£Snity,  which  he  calls  the  law  of 
maximum  workj  viz.  **  All  chemiad  miction  not  due  to  external  energy 
tends  to  (he  production  of  the  body  or  bodies  which  set  free  the  greatest 
heat"  It  will  be  seen  that  this  is  the  counterpart  of  the 
general  law  of  electrolytic  action  first  explained  in  the  first 
edition  of  this  work,  that  those  substances  are  set  free  by  the 
electric  current  which  absorb  the  least  quantity  of  energy. 

We  have  now  to  study  the  mode  in  which  the  transfers  of 
intrinsic  energy,  which  is  potential  in  the  molecules  of  matter^ 
result  in  chemical  and  electrical  effects  when  it  becomes  kinetic* 

517.  Combustion. — The  act  of  combustion  or  burning  is  a 
most  familiar  instance  of  chemical  combination,  while  it  is  the 
complete  illustration  of  the  potential,  latent,  intrinsic  energy, 
becoming  active  or  kinetic,  and  taking  the  form  of  heat.  At 
present  we  may  consider  it  as  simply  combination,  the  union, 
under  the  influence  of  chemical  attraction,  of  atoms  of  carbon,  or 
hydrogen,  dc,  and  atoms  of  oxygen.  There  really  is  also  a 
decomposition  of  the  molecules  of  these  bodies,  but  that  we  are 
not  now  in  a  position  to  estimate.  Now,  as  it  is  a  fundamental 
maxim  that  we  can  create  neither  matter  nor  force,  and  as  this 
action  gives  us  an  available  free  force  in  the  form  of  heat — 
where  does  this  force  come  from  ?  Evidently  from  the  atoms 
entering  into  union. 

C+O,  =  GO2  is  the  symbol  of  burning  carbon,  producing 
carbonic  acid  (or  more  properly  anhydride),  and  H^  -4-0  =  H,0 
hydrogen  burning  into  water,  but- these  symbols  give  us  no 
information  as  to  the  source  of  the  force.  It  is,  however,  evident 
that  before  combination  there  was  some  force  present  tending  to 
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oanse  union,  whicli  we  may  call  affinity,  and  that  when  the 
union  is  effected,  the  resulting  substance  must  have  within  it 
less  combined  energy  than  its  components  had  before,  because 
the  act  of  union  has  set  force  free  in  the  form  of  heat.  This  is 
usually  treated  as  a  mere  incidental  consequence  of  the  affinity ; 
however,  it  bears  an  exact  ratio  to  the  chemical  force,  and  may 
be  made  to  give  meaning  to  the  old  diagrams  of  elective  affinity ; 
by  fixing  attention  upon  it,  as  the  "  intrinsic  energy,"  capable 
of  exact  estimation,  instead  of  the  vague  '<  affinity,"  we  shall 
better  understand  the  feasts.  Thus,  using  the  equivalent  nota-. 
tion,  the  burning  of  carbon  is 


?'^?r«  1  +  9^^4  foot-lbe. 


Here  the  energy  set  free  by  the  act  of  combustion  is  expressed 
in  foot-lbs. ;  it  is  the  *'  intrinsic  energy,"  the  measure  of  the 
force  which  holds  together  the  atoms  composing  carbonic  oxide, 
CO,  and  carbonic  acid,  OOj ;  not  wholly  so,  however,  as  the 
great  difference  between  the  two  fiff^ires  is  due  to  the  fkct  that 
a  large  portion  of  the  energy  of  me  first  atom  of  oxygen  is 
rendered  latent  in  converting  the  solid  carbon  into  a  gas.  We 
cannot  be  sure  that  all  of  the  four  centres  or  valencies  of 
carbon,  §  6,  have  attached  to  them  equal  specific  energy,  or  we 
might  be  able  to  calculate  the  force  from  that  given  by  complete 
combustion,  but  in  examining  actions  under  the  infiuence  of 
electricity,  light  will  be  thrown  on  this. 

518.  Salts. — Combustion  or  oxidation  is  only  one  step  in 
chemical  combination,  for  almost  all  the  substances  used  in 
electricity  are  salts,  this  term  really  including  acids.  The  older 
view  of  salts,  Berzelius's  electro-chemical  theory,  supposed  the 
first  step  to  be  oxidation,  forming  substances  which  were  either 
acids  or  bases,  according  as  the  element  was  placed  in  the 
electric  order,  and  partly,  also,  according  to  the  number  of 
oxyeen  atoms  combined,  and  these  two  bodies,  preserving  their 
original  electric  relations,  combined  to  form  saltb.  Although 
this  theorv  is  abandoned,  it  has  still,  so  far  a  real  basis  of  truth, 
that  the  oiiemical  attractions  of  the  elements  do  in  great  degree 
correspond  with  this  arrangement,  which  so  far  survives  in  the 
new  chemistry  that  the  old  electro-negatives  are  still  called 
chlorous  or  acid  radicals,  and  electro-positives  basylous  radicaK 

Chemical  considerations,  and  especially  the  behaviour  of  acids 
and  salts  under  the  action  of  the  galvanic  current,  led  to  the 
adoption  of  the  binary  theory,  which  treats  them  as  composed 
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direct  of  two  radicals,  of  which  the  acid,  or  chlorous  one,  is  a 
oompotind  containing  the  whole  of  the  oxygen,  while  the  hasyle 
is  an  element  or  a  compound  having  properties  analogous  to 
those  of  elements.    On  this  view  the  formula  of  sulphates  are 

H^SO^)  fH,0,SO, 

Zn,S04l  instead  of  <ZnO,SOa 
K^SOj  Ik,O.SO, 

The  ordinary  acid  being  a  salt  of  hydrogen,  which  is  simply 
displaced  by  the  other  atoms  possessed  of  higher  "speofic 
energy."  This  theory  accords  thoroughly  with  all  the  facts  of 
electrolysis,  and  is  that  to  which  belong  all  the  formulie  used  in 
these  pases.  The  older  view  of  salts  has,  however,  a  present 
use  in  calculating  the  specific  energy  of  acids  and  salts. 

Betuming  to  uie  constitution  of  salts  on  the  old  theory :  SO, 
four  highly  negative  atoms  unite  to  form  a  strong  acid,  sul- 
phuric (now  ccdled  sulphuric  anhydride);  hydrogen  as  H,0 
forms  a  weak  base — water ;  while  ZnO  forms  a  stronger ;  and 
potassium,  EtO,  the  strongest  base.  By  combining  again,  SOs 
+  H^O  forms  ordinary  sulphuric  acid,  from  which  the  stronger 
bases  can  displace  the  water,  forming  in  turn  SO,ZnO,  and 
SOgEtO,  sulphates  of  zinc  and  potassium. 

519.  Intrinsic  Enebgt  of  Elements. — ^The  foregoing  prin- 
ciples may  now  be  applied  by  aid  of  Table  XIII.,  p.  319,  in 
which  I  have  collected  the  most  important  information  as  to  the 
principal  elements  employed  in  electricity.  Cols.  I.,  IL,  and 
lIL,  are  the  names,  symbols,  and  atomic  weights  on  the  new 
notation,  §  11,  now  generally  adopted;  lY.  the  old  chemical 
equivalent,  which  is  also  the  weight  taken  in  grains,  to  which 
Ck>lumns  VII.  and  VIII.  refer;  V.  is  the  valency,  §  6;  VL 
shows  the  weight  corresponding  to  one  unit  of  electrical  current, 
or  quantity,  the  chemic,  §  159,  varying  in  some  instances 
where  two  classes  of  salts  are  formed;  YIL  is  the  energy  of 
union  with  oxygen;  and  YIU.  that  with  chlorine,  of  the 
equivalent  in  grains,  Column  lY.  These  two  columns  are  the 
specific  energies,  §  ^16,  of  these  chemical  combinations.  In 
some  cases  two  values  are  given;  they  are  different  results 
obtained  by  Andrews  (the  upper  row)  and  by  Favre :  the  same 
remark  applies  to  the  other  similar  tables.  Column  LSL  is  the 
electric  equivalent  in  grammes  of  the  coulomb,  or  the  ampere 
per  second,  as  to  which  see  also  §  386. 

It  is  commonly  stated,  on  the  authority  of  Faraday's  early 
experiments,  that  electricity,  passing  through  several  solutions, 
decomposes  them  in  the  ratio  of  the  several  equivalents  (Column 
lY.).     This  is  not  the  case;  this  view  of  ihe  equivalent  of  eleo- 
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tridty  is  a  delusion  based  npon  the  acoidental  nature  of  the 
experiments.  The  truth,  wMch  became  manifest  only  as  the 
modem  chemical  theories  were  developed,  is  shown  in  Oolumn 
YI.,  which  shows  that  the  quantity  of  any  element  released 

Table  XIII. — Elements  and  theib  Pbofebties. 


L 

IL 

m. 

IV. 

V. 

VL 

vn. 

VIIL 

IX 

[ntrinsic  Energy. 

Ooalomb 

^ 

Atomic 

Bqniya- 

-1 

Electric 

Foot-lbe.  per 

equlyaleot 
in  Grammes. 

55*000092. 

Name. 

1 

weight. 
New. 

lent. 
Old. 

XI" 

arain  Equivalent. 

Oxygen. 

[Jhlorine 

Aluminium 

Al 

^7-5 

13*7 

3-6 

9-17 

.. 

•00009370 

Carbon     .. 

0 

la- 

6- 

•• 

'  2946 
I  9624 

m'oO 
mCO, 

(  •• 

CnLOBINI   .. 

01 

35-5 

35*5 

355 

.. 

•00036289 

CJOPPKB  (ic) 

Ou 

63-5 

31-75 

31-75 

/  3802 
\  4345 

6o36\ 
5861/ 

'00032456 

„     CUPRBOUB 

Co, 

127- 

.. 

63-5 

'00064912 

G0LD(»C)   .. 

Au 

197- 

197" 

65-7 

•  • 

.. 

'00067x26 

„     AUBOUB.. 

.. 

.. 

.. 

197- 

.. 

.. 

' 00201 3 78 

Htdbogin 

H 

I* 

I* 

I* 

r  6726 
\6841 

48o2\ 
4721/ 

'OOOOI022 

Ibon  (Ollf)  .. 

Fe 

56- 

28- 

i8' 

16565 
\  7510 

649i\ 
9857/ 

•00028622 

„      PEBBIO.. 

Fe, 

m* 

.. 

.• 

•  • 

Lead  ..     .. 

Pb 

207- 

toys 

103-5 

\  5494 

8880} 

' 00105 800 

Manganxbb 

Kn 

55- 

^rs 

2-6 

..          .. 

•  • 

.. 

Mebcubt  (ic) 

Hg 

200  • 

lOO* 

roo* 

\  •• 

5793\ 

•00102222 

,.  MEBOUBOUS 

Hfir 

.. 

,, 

200  • 

•• 

,, 

•00204444 

Nickel      .. 

Ni 

59- 

29-5 

29-5 

.. 

.. 

'OOO3II55 

NiTBOGEH  .. 

N 

14* 

14* 

4-7 

.. 

., 

•00004884 

OXTGEK 

0 

i6- 

8- 

8- 

.. 

,. 

•00008187 

PLATINUM(tC) 

Pt 

197- 

98-5 

49-25 

.. 

.. 

'OOO50345 

Potassium.. 

E 

39- 

39- 

39- 

{15  U5 

20740^ 
19996^ 

•00039867 

SiLTEB 

Ag 

loS- 

io8- 

I08- 

I  m4 

69081 

•OOIIO4OO 

Sodium 

Na 

2y 

23- 

23* 

\M593 

18785/ 

•000235 I I 

SUIPHITR      .. 

S 

32- 

i6- 

2-6 

i6- 

I  3526 

=  } 

•00016355 

Tin  (ou«)   .. 

Sn 

ii8- 

59- 

59-  • 

6654 

6297 

•OO0603II 

„    stannic 

.. 

.. 

ii8- 

.. 

,. 

•00120622 

Znro  ..     .. 

Zn 

65-2 

32-6 

32-6 

/  8394 
I  8427 

10080I 
9985/ 

•00033324 

Hence  the  ooalomb  and  ampere  repreacnt 
SeealBO^  j86. 


It  in  grain  eqnivalentB  *oooi378  Log  -4*1980458. 
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depends,  not  upon  its  equivalent  merely,  but  upon  the  state  of 
combination  in  which  it  exists,  see  §  158,  that  is  to  say,  the 
yalency  of  the  radical  it  forms. 

520.  Combination  of  Badicai^. — ^It  is  evident  that  whether 
we  call  the  formula  of  zinc  sulphate,  for  instance,  ZnO,SOa,  or 
Zn,S04,  we  have  the  same  number  of  atoms,  and,  let  them  have 
come  together  how  they  may,  the  ultimate  result  is  the  same. 
Now  we  can  actually  build  up  this  molecule  on  the  first 
formula ;  that  is,  we  can  dissolve  the  oxide  of  zinc  in  sulphuric 
acid,  while  we  cannot  form  it  on  the  second  formula  because 
SO4,  the  sulphuric  radical  or  oxy-sulphion,  is  not  capable  of 
separate,  uncombined  existence.  We  are  thus  able  to  get  at 
the  intrinsic  energy  of  the  sulphates  indirectly,  by  first  ascer- 
taining the  heat  of  oxidation,  and  then  that  of  solution  of 
the  oxide  in  acid;  we  thus  get  the  total  energy,  but  only 
approximately,  as  we  cannot  separate  from  the  total  the  ener^ 
due  to  change  of  physical  state.  Table  XIY.  gives  the  resmt 
in  foot-lbs.  of  the  experiments  of  Andrews  aud  Faure,  arranged 
as  in  Table  XIII.;  the  considerable  differences  indicate  the 
difficulties  of  the  process. 

Table  XTV. — Energy  op  Combination  of  Oxides  and  Acids. 


Oxide  of 


Ammnniiim 
Oopper  .. 
Iron 

Lead  .. 
PotaaBium 
Silver  .. 
Bodium  .. 
Zino 


Sulphuric 


3157 
3193 


Nitila 


343  a 
3715 

1271 

1915 
1767 
1834 
2898 

3079 

1370 
2779 
3034 
204T 
1653 


HydiodiloriGL 


3433 
3687 

1374 

195 1 


2839 
3989 


3918 
3003 
3104 
1649 


521.  In  the  case  of  chlorides  there  is  a  certain  complication, 
as  several  actions  have  to  be  considered,  (i)  The  actual  com- 
bination of  HCl,  which  Table  XIII.  Column  VIII.  gives  as 
4y2i.  (2)  As  this  is  a  gaseous  body,  its  union  with  water 
gives  farther  3258  in  forming  the  actual  add.    (3)  The  heat  pf 
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oxidation.  (4)  The  .tmion  of  acid  and  oxide.  Bat  we  Itave 
now  two  prodnctB,  the  salt  and  water,  and  therefore  the  heat 
of  this  latter  must  be  deducted  to  ascertain  the  energy  of  the 
salt  itself ;  and  this  again  includes  the  heat  +  or  —  as  the  case 
may  be,  of  the  act  of  solution  of  the  salt. 


1.  HCl 4721) 

2.  Solution      ..      ..     3258) 


7979 


The  formulaB  (equivalent  notation)  now   give  the  several 
further  stages,  taking  for  examples  zinc  and  s^um : 


a.    6.    c  d,  e, 

ZnO  +  HCl  =  ZnCl  +  HO. 
NaO  +  HCl  =  NaCa  +  HO. 
o.  Xm.  =s  ZnO  8427  .     NaO 

h.  XIV.  =  1649 

Above  7979  HCl 


e.  xra. 

d.       ZnCl 
Solution  + 


7979 

18055 

6841 

11214 
1242 

9972 


HO 
NaCl 


14593 
3033 
7979 

25605 
6841 


18867 


The  last  figures  agree  closely  with  those  of  the  anhydrous 
chlorides,  of  which  the  zinc  gives  out  heat  in  dissolving,  and 
the  sodium  produces  cold. 

I  have  in  this  way  calculated  the  salts  in  solution,  and 
Column  III.  Table  XY.  is  the  energy  thus  obtained  of  the 
several  chlorides,  while  Column  lY.  is  the  energy  developed 

Table  XY. — ^Energy  op  Proto-salts. 


L 

n.  SolpbatM. 

IIL  Chlorides. 

IV. 

Bft^jl  or  Metal. 

Ft-lb.  per 

EquWolta. 
EMF. 

Pt-lb.  per 

Eqnlyolta. 
BMF. 

GhlorMea  by 

gr.equlvalent. 

gr.  equivalent 

Hydrogen .. 

5878- 

1-258 

6857- 

1-467 

5861- 

8917- 

1-919 

7979* 

1-707 

4721- 

Izon   ..      .. 

9668- 

2-069 

I0599- 

2-268 

9857- 

Zinc  ..     .. 

10503- 

2-248 

II2I4- 

2-400 

9985- 

Sodinm     .. 

17732- 

3*795 

18764- 

3-996 

18785- 

PotasBifim.. 

18328- 

3-913 

19262- 

4- 121 

19996- 
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by  simple  combustion  in  chlorine  gas.  In  this  table  I  have 
given  the  energy  in  eqnivolts  as  well  as  foot-lbs.,  for  nse  in 
after  calculations.  A  similar  process  would,  in  the  case  of 
sulphates,  be  more  accurate  than  the  one  employed,  if  we  knew 
the  real  energy  of  formation  of  SOs*  because,  when  uniting  the 
acid  and  base  we  form  water,  as  weU  as  the  salt.  I  have  omitted 
nitrates,  because  the  reactions  vary  greatly,  and  full  data  are 
not  attainable. 

522.  Is  it  not  obvious  that,  by  attaching  figures  like  these  to 
chemical  symbols,  we  give  them  a  new  meaning  and  force?  if 
the  principle  were  fully  carried  out,  how  clear  reactions  would 
become.  Why  is  it  that  iron  and  zino  decompose  sulphuric 
acid  while  copper  and  silver  do  not  ?  The  tables  answer  us ; 
the  intrinsic  energy,  i.  e.  the  attraction  of  copper  and  silver  for 
sulphuric  radical  BO4  is  less  than  that  of  the  hydrogen  in  the 
proportions  shown,  while  that  of  iron  and  zinc  is  greater. 
If  the  deficient  energy  is  supplied  by  heating,  then  copper  and 
silver  will  react  upon  the  acids :  for  the  same  reason  nascent 
hydrogen  or  sulphuretted  hydrogen  can  precipitate  the  metals 
above  hydrogen  in  the  list,  but  not  those  below,  in  add  solu* 
tions.  Every  chemical  reaction  is  capable  of  similar  measure- 
ment, and  the  day  will  come  when  we  shall  know  just  as  well 
the  mechanical  equivalent  of  energy  in  such  reactions  as  we 
now  do  the  mass  of  matter  taking  pcurt  in  them. 

523.  SuBSTrrunoNS  of  Bases. — It  foUows  from  what  we  have^ 
seen  that  if,  instead  of  directly  combining  two  radicals,  we 
substitute  one  for  another,  the  force  of  the  reaction  will  be 
equal  to  the  difference  between  the  attractions ;  and  thus,  if  we 
exchauge  radical  for  radical  in  a  descending  series,  at  each  step 
we  get  an  instalment  of  energy  set  free,  and  it  is  found  that 
these  instalments  bear  a  distinct  relation  to  the  electromotive 
force  of  batteries  so  constituted.  The  action  of  the  Daniell's 
cell,  which  serves  as  a  convenient  starting-point  for  measure- 
ment, is  simply  the  substitution  of  zinc  for  copper  in  the 
sulphate,  for  zinc  is  dissolved  at  one  plate,  and  copper  is 
deposited  at  the  other:  the  specific  energy,  therefore,  is 
according  to  the  figures  of  the  tables 

Sulphate  zinc      10503 

„        copper 5878 

4625 

(1-079x4^73  =  5042) 
Andrews  gives  5450  as  the  result  of  his  experiments,  which 
represents  i  *  167  volts  as  the  E  M  F. 
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Present  knowledge  is  not  Buffidfently  perfect  to  enable  ne  to 
rely  muoli  on  any  of  these  figures,  bnt  it  is  generally  considered 
that  the  E  M  F  of  this  reaction  of  the  I]^niell  cell  is  1*079 
volts,  and  Table  XVI.,  with  the  preceding  ones,  will  give 
readers  pretty  well  all  the  information  at  present  attainable ; 
the  npper  figures  are  derived  from  those  given  by  Andrews  in 
calories  per  gramme  as  the  result  of  his  experiments ;  the  lower 
ones  I  have  calculated  from  Favi:e*s  figures  in  the  previous 
tables,  and  in  the  last  column  I  have  calculated  these  forces  in 
volts,  as  compared  with  that  of  the  Daniell  taken  as  datum. 

Table  XVI. — Force  of  Displacement  of  Metals. 


HaUlaDbpIaoed. 

HeCalflSabsOtatod. 

CaloilAted  in 
Volte. 

Le«L 

Iron. 

Zinc. 

Zinc 

Platinum        ..      .. 

BUver      

Meroury 

Copper 

Lead       

Hydxogen       ..     .. 

I  9389 
<  1685 

8ii4 

3719 
3331 

I  2827 

17605 
9127 

9414 
6616 

5450 
6158 

3743 

3676 
3662 

3-485 
I '807 

I '290 

1-079 

•741 
•730 

524.  Electromotive  Force  and  Intrinsic  Energt. — Having 
now,  as  feir  as  present  knowledge  permits,  ascertained  the 
energy  of  the  various  reactions  employed  in  electricity,  we 
have  to  discover  how  this  energy  is  changed  into  an  electric 
current,  and  to  do  this  we  must  &rBt  ascertain  the  value  in  foot- 
lbs,  represented  by  the  volt — ^the  measure  of  electric  potential  or 
pressure.  Now  it  is  obvious,  that  this  being  a  static  measure, 
can  no  more  be  expressed  by  itself  in  foot-lbs.  than  can  the 
energy  of  a  ton  weignt  resting  on  the  ground ;  with  the  pressure 
must  be  united  time  or  motion,  as  in  mechanics. 

Just  as  the  attraction  of  gravity  acting  through  a  unit  of 
space  furnishes  the  mechanical  unit,  the  foot-lb.,  so  a  unit 
EMF,  a  volt,  acting  through  a  unit  resistance,  an  ohm,  will 
give  us  a  unit  of  electric  energy  if  we  employ  some  unit  which 
shaU  take  in  it  the  position  which  the  pound  takes  in  the 
mechanical  unit.  This  must  be  something  answering  in  elec- 
tricity to  the  idea  of  "  quantity,"  as  the  pound  represents  the 
analogous  idea  of  mass  in  matter.  Such  a  unit  of  energy  is  the 
joulad,  §  390,  but  the  considerations  presented  §  366  show  us 

X.2 


324  XLHOTBOKomn  fobgs.  [525. 

that  the  only  proper  element  for  this  purpose  is  that  quantity 
of  matter  to  which  Nature  herself  connects  electricityy  viz. 

-  =  electric  equivalent. 


Valency 


Any  system  of  weights  may  of  course  be  used,  and  when  (as 
must  some  day  be)  this  conception  is  adopted  as  a  ftindamental 
scientific  principle,  of  course  the  gramme  or  decigramme  will  be 
used.  At  present  and  here,  I  of  necessity  use  that  weight 
which  is  used  throughout — the  grain  equivalent  which  holds  to 
my  chemic  current  the  relation  which  the  coulomb  holds  in  the 
B.A.  system  to  the  ampere  current. 

52c.  An  amp^  of  current  is  the  effect  of  one  volt  in  a 
circuit  of  one  ohm  during  one  second,  and  this  current  is  eqn^ 
during  the  same  time  to  5  *  68  chemical  units,  or  in  ten  hours 
produces  5*68  equivalents  of  chemical  action  measured  in 
grains ;  that  is  to  say,  an  ampere  current  maintained  for  6338 
seconds  (or  6338  coulombs)  corresponds  to  a  chemic  current 
maintained  ten  hours,  and  representing  i  grain  equivalent  of 
electric  quantity. 

526.  The  energy  developed  in  or  absorbed  by  a  circuit  is  in 
the  ratio  of  the  square  of  the  current,  or,  what  is  the  same 
thing,  of  the  electromotive  force  producing  the  current.  This 
energy  or  work  may  be  measured  as  heat,  or  in  mechanical 
units ;  and  the  value  for  an  amp^e  under  unit  conditions  is  in 
calories  '  24065,  which  for  ten  hours  gives 

Ampere  equivalent,  calory  '24065  ..  ""i" 3813859 
Calories  to  foot-lbs.,  3*0636  ..  ..  0*4862300 
Ten  hours  =  36000  seconds       ..      ..     4*5563025 

Foot-lbs 4*4239184  ==  2^544 

-r-5-^8         0-7543483 

Foot-lbs.  per  volt  equivalent     ..      ..     3*6695701  =  4673 

Ten  hours  divided  by  5*68  gives  us  6338  seconds  as  the 
number  of  coulombs  required  to  effect  one  grain  equivalent  of 
action.    Hence  we  get  by  the  absolute  system 

Work  of  ampere,  C.G.S.  units,  ergs  10'   7  -000,000 

C.G.S.  unit  in  foot-lbs 4*8676563 

6338  seconds 3*8019447 

Foot-lbs.  per  63  3  8  amperes         . .      . .      3  •  669601  o  =  467  3 
The  same  result  may  be  obtained  in  a  variety  of  ways,  and 
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each  of  these  oaloulations  (experiments  made  in  figures)  famishes 
some  data  which,  with  others  similarly  obtained,  I  have  trans- 
ferred to  Table  XVII.  for  nse  in  other  cases.  This  result  is  of 
supreme  importance,  for  it  gives  a  definite  meaning  to  the  volt, 
which  has  hitherto  been  too  ideal  to  grasp. 

Table  XVII. — ^Values  and  Conversion  op  Units.    §  515. 


Name  of  Unit. 

Value  tn 

X  Decimal. 

+  LogMlthin. 

I.  Metre 

Feet     

3-28089 

0-5159894 

2.  Ditto  (miUim.  to  mils)     .. 

Inches        ..      .. 

39-37042 

1-5951706 

3.  Millimetre  square     ..      .. 

Circular  mils      .. 

1973-56 

3-2952503 

4.  Oramrae      

Grains        ..     .. 

15-432 

1-1884317 

5.  Gramme-metre 

Footpounds 

•007233 

"3-8593253 

6.  Calory  (gm.-deg.-Ceiit)    j 

Foot-pounds 

3-0636 

0-4862300 

Gramme-metres 

423*55 

2-6269047 

8.  Ditto(mec.cqut*=427«87) 

Ergs  (see  12)     .. 

42,000,000 

7-6232493 

9.  Ditto  per  gramme  or  . .       \ 
10.      „    equivalent        ..       ) 

Ft.-lbB.  per  grain 

•198547 

-I  •2977983 
-5-6281909 

Equi volts  ditto  .. 

•0000425 

II.  C5entigradeThermo.(+32°) 

Fahrenheit.. 

1-8 

0-2552725 

12.  Gravity  Force  o{(g) 

Dynes  (say) 

981-  r 

•ooioi94\ 

2*9916690 

ij.  O.G.8.  unit  the  «fy   ..      .. 

Grumme-metre  .. 

-3-0083310 

14.  Ditto        ditto 

Foot-pounds 

•000007373 

-6-8676563 

I  ^ .  Ampere  current 

C.G.S.unit 

lo-i 

-I • 0000000 

16.      ^  or  coulomb  equivalent 

Gram,  x  equiv. 

•000010222 

-5-0095453 

17.      ,,  or  coulomb  per  second 

Chemic       ..     .. 

5-68 

0-7543483 

1».  Chemic  current,  10  hours 

Coulombs    ••     .. 

6338- 

3-8019447 

19.  Ditto  do.  Work  of  (equivolt) 

Foot-pounds 

4673- 

3-6696010 

20.  Joulad  (volt-amp4re)         \ 

21.  „    0«xR\         as  work/ 

22.  „     ExC/           asheat\ 

23.  „    Theoretical                 / 

Ergs 

IO» 

7-0000000 

Foot-pounds 

'75732 

-1-8676563 

Calory        ..     .. 

•24065 

-1-3813859 

Ditto,  line  8       .. 

•23895 

-1-3767507 

24.    „     X  timeof grainequi(i8) 

1  Equivolt =ft.-lbe. 

4673- 

3-6696010 

2$.    „    ditto  of  gramme      „ 

M  Calory  system 

23287-7 

4-3671271 

26.    ^   heats  (wuter-rsp.  heat) 

/GraindegreeFahr. 

6-6139 

0-8204549 

27.    «       «      «>PP«'      ••      - 

Iditto,  by  line  8  .. 

65-29 

1-8148455 

28.    „    Sp.  Bes.  cub.  cent    .. 

B  per  mil-foot    .. 

6015350 

6-7792609 

Ratios,    t  =  Circumference  to  diameter  3- 141 5  9  Log 

y,         square  and  circle  of  equal  diam.  1*2791 

„         square  area  of  circle  di  x    '  7854     " 

Wexoht  of  water.    1  cubic  centimetre  =  i  ^^ramme  „ 

„  „         I  cubic  inch      ..      grams  252-458     „ 

,t  fi  I  mil-foot  ..  „     -0023793      „ 

„  of  liquids  and  8olid$.     X  by  spedflo  gravity. 
„  ofgaseM  andvapounaX  cP  Cent,  and  760*  mm.  Bar. 

T  cub.  dea-met.  =  i  litre  or 
„  of  Hydrogen  =  (i  crith)  gramme  -089578 

„  of  others,  multiply  by  half  the  atomie  weighL 

Wires.  |  mit-fooL  weight  in  grains  (M)  -  02 1 1 76 1 

Copperj      „         resistance  (pure)  at  60°  F.  (U.)  10  -  3  3  65 
n     1      ,»        correction  per  deg.F.x  by  deg.  i -00215 


0-4971499 
0-104909 I 
"1-8950909 
0-0000000 
2-4021857 
■3-3764578 


-2*9522014 

-2-3258478 
I -0143 726 
0*0009327 
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527.  The  Equivolt. — This  is  the  name  I  propose  for  the 
unit  just  arriyed  at,  which  unites  the  ideas  of  quantity^  foree^ 
and  energy,  and  conneots  them  as  a  definite  value  with  the 
atomic  theory  and  notation  of  chemistry,  and  as  may  be  seen 
from  its  uses,  will  act  as  the  unit  of  the  correlation  of  forces. 
The  name  is  compounded  from  the  "  equivalent "  as  the  basis  of 
quantity,  and  the  volt  as  that  of  potential. 

The  equivolt  then  is — 

(i)  Energy  equivalent  to  4673  foot-lbs.  exerted  upon  a 
polarized  chain,  each  link  of  which  is  an  '*  electric  equivalent,*' 
p.  122,  under  the  strain  of  i  volt  electromotive  force. 

(2)  The  mechanical  energy  of  i  volt  electromotive  force 
exerted  under  unit  conditions  through  i  equivalent  of  chemical 
action  in  grains. 

(3)  The  energy  absorbed  in  overcoming  each  ohm  of  re- 
sistance in  a  circuit  in  which  a  unit  of  current  passes  at  the 
normal  ampere  rate — ^that  is,  i  chemical  equivalent  in  6338 
seconds :  i  equivolt  of  energy  is  absorbed  in  the  total  resistance, 
per  equivalent  of  current  under  any  other  rate  for  every  volt  of 
•electromotive  force  producing  it. 

(4)  The  source  of  just  so  many  volts  electromotive  force  from 
any  chemical  reaction  as  i  equivalent  of  that  chemical  reaction 
(measured  in  grains)  will  produce  equivolts  of  energy ;  in  this 
aspect,  therefore,  the  volt  and  equivolt  may  be  considered  as 
the  same  thing ;  thus  the  total  energy  of  zinc  and  sulphuric 
acid  is  10,503  foot-lbs.  =  2*248  equivolts,  and  the  utmost 
electromotive  force  zinc  and  sulphuric  acid  can  produce  is  2  *  248 
volts. 

(5)  It  may  also  be  regarded  as  a  motion  (not  a  velocity)  of 
I  pound  through  4673  feet  in  6338  seconds. 

528.  Hie  EquwoU  as  the  Unit  of  Oarrelatum,—The  doctrine  of 
the  correlation  of  forces  or  equivalent  conversion  of  any  one 
form  of  energy  or  "  mode  of  motion  "  into  others,  is  the  grandest 
and  most  fruitful  of  all  modem  scientific  achievements;  its 
value  is,  however,  obscured,  and  its  work  greatly  limited  by 
the  system  hitherto  employed  of  using  arbitrary  units  differing 
for  every  form  of  force.  Those  who  have  understood  the 
principles  involved  in  the  previous  sections  of  this  chapter 
now  see  that  the  equivolt  supplies  the  much-needed  common 
unit  of  measurement  for  the  forces.  If  adopted  into  the  system 
of  units,  it  will  in  all  probability  have  a  different  actual  value 
from  that  given  here,  £)r  the  simple  reason  that  I  have  worked 
up  to  it  from  the  unit  of  current  used,  viz.  the  grain  equivalent, 
and  have  for  convenience  of  readers,  used  the  EngHsh  measures ; 
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but  no  definite  generally-employed  scientific  measure  will  ever 
be  collated  to  any  system  of  measures  so  absurd  as  the  English, 
and  therefore  it  tviU  ultimately  be  converted  to  the  gramme 
equivalent  and  so  multiply  all  the  actual  values  given  here 
by  15*4^23,  as  is  done  §  550. 

That  IS  only  a  matter  of  detail ;  the  principle  is  to  express 
all  the  dififerent  forces  in  a  single  unit,  to  connect  that  unit 
with  the  atomic  and  equivalent  constitution  of  matter  used  by 
Nature,  and  to  make  the  unit  itself  one  which  is  readily  capable 
of  actual  measurement  and  experiment;  all  this  the  equivolt 
does,  and  while  it  facilitates  calculations,  and  will  make  the 
different  relations  of  force  more  readily  apparent,  it  is  of  course 
to  be  converted  in  a  moment  to  any  other  unit  by  multiplying 
by  the  proper  constants,  as  given  in  Table  XYIL,  p.  325. 

It  should  be  understood,  however,  that  in  the  C.G.S.  system, 
the  erg  is  to  some  extent  a  unit  of  correlation,  as  it  expresses  all 
forms  of  energy.  But  it  does  not  and  cannot  fulfil  the  function 
of  the  equivolt,  because  it  is  a  unit  of  energy  wdy^  and  is  not 
connected  to  the  atom  of  matter.  To  make  it  serve  the  purpose 
it  would  have  to  be  multiplied  by  a  figure  which  would  convert 
the  gramme  of  mass  merely,  into  the  equivalent  of  hydrogen, 
and  the  time  under  unit  E  M  F  as  I  have  done  §  559. 

529.  Contact  and  Chemical  Theories. — Ever  since  the  first 
discovery  of  that  form  of  electricity  which  we  now  call  "  dyna- 
mic," two  theories  have  been  maintained  as  accounting  for  its 
production.  One  school  of  electricians,  following  Volta,  attri- 
butes the  origination  of  electrical  currents  to  a  *'  force  "  due  to 
contact ;  it  is  asserted  that  by  the  mere  coming  into  contact  of  the 
two  bodies  a  disturbance  is  effected  in  the  supposed  normal  dis- 
tribution of  electricity,  assumed  to  be  a  constituent  of  all  bodies, 
which,  extending  to  neighbouring  substances,  sets  up  electric 
and  chemical  effects.  The  other  school,  following  Galvani,  has 
attributed  this  origin  to  the  rendMu  of  chemkal  affinUtee,  Until 
quite  recently  nearly  all  English  electricians  have  adopted  the 
chemical  theory,  in  the  belief  that  Faraday  had  clearly  demon- 
strated both  the  utter  baselessness  of  the  contact  theory,  and 
also  the  fact  that  without  chemical  action  no  electricity  was 
developed  in  the  only  source  of  current  electricity  known  till 
recently — that  is  to  say,  in  any  form  of  battery. 

But  in  our  new  source  of  electricity,  the  dynamo  machine,  we 
do  apparently  obtain  enormous  currents  of  electricity  without 
chemical  agency,  and  this  may  to  some  extent  explain  the 
revival  of  the  contact  theory.  But  it  is  very  certain  that  in 
these  machines  the  source  of  electricity  is  in  no  way  "  contact," 
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and  when  we  look  a  little  further  we  find  that  it  may  be,,  in 
fact,  commonly  traced  to  chemical  action,  because  it  is  derived 
from  the  consumption  of  coal — that  is  to  say,  the  chemical 
reaction  of  oxygen  on  carbon  and  hydrogen.  The  one  thing, 
however,  which  these  machines  prove  is  that  electricity  is 
derivable  from  "  energy." 

5  30.  The  contact  theory  has  undergone  various  changes ;  at  first 
it  was  held  that  the  force  originated  at  the  point  of  contact  of 
the  two  metak,  say  copper  and  zinc.  Faraday  demonstrated  the 
production  of  voltaic  electricity  when  no  metals  were  in  contact, 
and  by  a  number  of  proofs  absolutely  demolished  the  contact 
theory  in  this  form,  and  established  the  chemical  theory  by 
proving  on  the  other  hand  that  no  electricity  was  produced 
except  as  an  accompaniment  of  chemuxd  fiction.  Then  the  contact 
theory  was  modified  so  as  to  include  the  contact  of  all  heterogeneous 
9ubHance8.  After  a  time  the  idea  was  added,  that  contact  i$  the 
source  of  the  electric  force,  but  that  chemical  action  was  necessary 
to  maintain  the  electric  current.  Brought  into  this  compass,  the 
question  may  be  defined  as  being  whether  electrical  action  ariees 
from  chemiccd  actions  occurring  among  the  bodies  present,  or  whe^er 
the  chemical  action  arises  because  an  electrical  force  is  ereaUd  by  the 
contact  of  the  bodies.  It  must  be  admitted  that,  so  stated,  the 
question  seems  to  be  almost  one  of  words,  and  tiiat  there  is  no 
practical  difference  between  the  two  theories,  and  the  molecular 
theory  adopted  in  these  pages  really  combines  the  truths  of  the 
two  others  in  one  harmonious  system,  for  it  shows  that  electrio 
polarization  tends  to  be  produced  whenever  any  two  hetero* 
geneous  substances  come  into  contact. 

^31.  This  contact,  however,  is  no  new  mysterions  force  or 
*'  difference  of  contact  potential ;"  it  is  the  ordinary  chemical  force 
of  afOinity,  necessarily  exerting  itself  upon  aU  its  surroundings, 
whether  within  the  molecule  constituted  by  virtue  of  its  action,  or 
upon  the  external  atoms  brought  within  its  range  by  this  act  of 
contact,  which  merely  means  close  neighbourhood,  allowing 
force  to  distribute  itself  upon  the  universal  law  of  the  inverse 
square  of  distances. 

Therefore  this  theory  is  really  the  chemical  theory  and  not 
the  contact  theory  developed,  and  although  it  may  appear  as 
before  remarked,  that  this  is  a  mere  c^^uestion  of  words,  it  is 
really  one  of  great  importance.  The  point  is  whether  we  have 
the  right  to  invent  some  new  force,  whenever  we  want  to 
explain  something ;  or  rather,  to  adopt  some  sounding  word  to 
wrap  our  ignorance  in,  and  then  ofier  that  word  as  an  explana* 
tion  of  facts  we  do  not  understand. 
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532.  There  is  aLso  a  wide  distinction  between  the  two 
theories;  the  contact  theory  is  essentially  atomic,  while  the 
chemical  theory  is  molecular.  This  ma^  sound  mysterious  at 
first,  and  be  unmeaning  to  many,  but  it  involves  two  widely 
diverging  lines  of  thought :  it  will  be  unmeaning  to  the  purely 
mathematical  mind,  which  deals  with  artificial  creations  and 
abstractions,  whose  natural  property  the  contact  theory  is ;  it 
requires  the  physical  training  of  chemistry  to  appreciate ;  but  I 
will  explain  my  meaning. 

533.  There  is  a  theory  of  electrolysis  which  we  may  call  *'  the 
dance  of  the  atoms " :  it  is  supposed  (on  this  theory)  that 
substances  have  not  the  defined  construction  explained  §  158; 
that  dilute  sulphuric  acid  does  not  consist  wholly  of  molecules 
of  add  and  water  (H3SO4)  and  (H^O),  but  that  these  molecules 
are  merely  temporary  formations,  and  their  constituent  atoms 
are  perpetually  interchanging  among  themselves  like  the  ladies 
and  gentlemen  in  the  figure  known  as  the  "  grand  chain,"  or 
better  still,  like  the  gnats  one  may  see  on  a  summer  evening 
flashing  here  and  there  and  circling  for  a  moment  around  each 
other.  This  strange  idea  was  invented  in  order  to  explain  why 
ioM  pass  to  the  two  electrodes :  these  are  imagined  to  exert  a 
force  of  attraction,  each  for  its  oppositely  electnfied  ion,  which 
during  its  free  moments  in  this  '* dance"  is  gradually  drawn 
over. 

534.  There  is  not  a  particle  of  evidence  to  su^sport  thi»  theory^ 
which  on  the  other  hand  is  wholly  opposed  to  all  the  known 
laws  and  facts  of  chemistry,  and  especially  inconsistent  with 
the  known  facts  of  thermo-chemistiy.  But  it  just  suits  the 
mathematician,  as  distinguished  from  the  physicist,  because  he 
seeks  to  isolate  every  idea  and  fraction  of  an  idea  or  property, 
and  ticket  it  with  a  symbol  which  he  then  deals  with  as  a  kind 
of  individuality  or  "  person." 

But  the  chemical  mind,  trained  perhaps  rather  too  much  in 
the  opposite  direction  of  concrete  bodies,  treats  the  combination  of 
the  atoms  in  a  molecule  as  a  rigid,  definite  union ;  to  the  chemist 
this  molecular  unity  is  a  true  marriage,  rather  than  the  pro- 
miscuous intercourse  of  this  other  theory  (or  at  all  events  as  a 
partnership  for  the  set,  to  return  to  the  "  aance  "  analogy) :  he 
IS  shocked  at  the  idea  of  any  dissolution  of  the  bonds  of  chemical 
affinity,  except  in  the  form  of  a  higher  affinity,  a  stronger  force 
which  like  death  breaks  the  original  union  only  because  it 
removes  the  two  parties  to  it  to  new  and  distinct  spheres. 

Thus  it  is  that  the  contact  theory  is  related  to  the  atomic  forces, 
while  the  chemical  theory  is  related  to  the  molecular  forces. 
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535.  An  experiment  of  Sir  W.  Thomflon's  is  constantly 
qnoted  as  proving  the  existence  of  "  contact  potential " :  it  is 
a  modification  of  the  quadrant  electrometer:  in  this  instm- 
ment  four  plates  of  metal,  constituting  a  true  level  circle,  are 
connected  together  in  opposite  pairs,  each  of  wkick  can  be 
charged  from  the  two  poles  of  any  source  of  electricity ;  over 
this  plane,  or  between  two  such  planes,  forming  an  inclosing 
cell,  exactly  over  the  dividing  line,  is  suspended  a  very  light 
plate  of  aluminium  (of  a  dumb-bell  shape  so  as  to  avoid  points), 
which  is  connected  by  a  wire  hanging  from  its  middle  to  a 
mercury  cup  (or  to  the  sulphuric  acid  inclosed  in  a  Leyden  jar 
to  which  it  serves  as  both  a  coating,  and  an  absorbent  of 
moisture)  through  which  it  is  strongly  charged  +  or  —  :  now 
if  there  is  the  smallest  difference  of  electrification  in  the 
opposite  pairs  of  quadrants,  this  plate  is  drawn  over  to  the  side 
of  those  electrified  oppositely  to  itself,  to  an  extent  depending 
on  the  forces  at  work,  and  on  the  strength  of  the  resistance, 
which  is  usually  a  bifilar  suspension.  Now  if  two  half  rings  of 
different  metals  replace  the  quadrants,  and  the  plate  is  formed 
80  as  to  lie  over  only  one  of  the  divisions,  we  have  exactly  the 
same  conditions  ;  if  any  "  contact  force  "  exist  between  the  two 
metals,  the  needle  remains  at  rest  when  they  are  separated,  and 
moves  when  contact  is  made  between  them  at  the  opposite  ends 
of  the  half  rings;  this  is  exactly  what  happens  whenever 
wires  attached  to  the  bars  are  made  to  touch.  Here  it  may  be 
remarked  that  this  is  precisely  the  same  thing  as  making  the 
metals  themselves  touch,  no  matter  what  the  material  of  ^  wirei 
may  he :  both  in  this  case  and  in  thermo-electricity  it  is  only 
the  terminal  metals  which  affect  the  result,  because  any  inter- 
mediate junctions  neutralize  each  other. 

536.  This  experiment  proves  the  chemical  theory,  Mr.  J.  Brown 
of  iBelfast  repeated  the  experiment  and  proved  that  the 
difference  of  potential  set  up  varied  in  degree,  varied  in  direction^ 
according  to  the  nature  of  the  atmosphere  bathing  the  open 
junction  of  the  metals :  the  divided  ring  of  two  metals  with  the 
space  between  them  constitute  a  pure  galvanic  cell,  in  which 
the  relation  of  the  metais  to  each  other  plays,  if  any,  the  most 
insignificant  part,  while  their  relation  to  the  gas  to  which  th^  are 
exposed,  the  chemical  action  set  up,  is  the  whole  cause  and 
measure  of  the  effect.  Exactly  what  Mr.  Fleming,  §  245,  proved 
for  the  liquid  galvanic  batteries,  Mr.  Brown  proved  for  this  so-> 
called  static  action,  for  he  showed  that  the  same  metals  which 
deflect  the  index  one  way  in  presence  of  air,  deflect  it  the  othtsr 
way  in  presence  of  sulphuretted  hydrogen. 

537.  We  may  put  the  £Etcts  into  the  form  of  a  layr.     Wherever 
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there  is  free  energy  preaent  (as  heat  in  thermo«eleotricity)  or 
wherever  there  is  potenticd  energy  seeking  to  become  free  (as  where 
chemical  affinities  can  come  into  play)  in  presence  of  different 
tied  molecular  structures  or  conditions,  there  energy  takes  Ae  form  of 
electric  potential. 

The  quantity  of  energy  associated  with  any  molecular  con- 
ditions, or  capable  of  action  on  the  definite  molecular  chain,  is 
the  measure  of  the  degree  of  electric  potential  due  to  the 
particular  conditions.  This  is  what  is  embodied  in  my  equi- 
volt,  §  427,  and  it  is  known  and  admitted  eyen  by  those  who 
maintain  the  contact  theory. 

538.  The  same  law  applies  to  the  generation  of  electromotiye 
force  in  dynamo  machines :  it  depends  upon  the  energy  applied 
to  moving  the  wires  across  a  magnetic  field,  in  which  they  are 
oompelled  to  undergo  molecular  stresses. 

539.  Even  the  difference  of  temperature  of  two  parts  of  the 
same  solution  will  set  up  E  M  F :  so  will  the  act  of  solution, 
which  itself  generates  eiuier  +  or  —  heats,  §  521 ;  what  is  the 
same  thing,  a  dilute  and  concentrated  solution  set  up  E  M  F  at 
their  junction,  and  in  all  cases  this  action  is  dependent  on  the 
direction  in  which  heat  passes.  In  all  such  cases  we  find  E  M  F 
means  transmission  and  change  of  form  of  energy,  and  we  may 
now  study  the  mechanism  of  the  operation. 

540.  Transmutation  of  Energy. — Admitting  the  existence 
of  atoms  and  molecules  as  described  (§§9  and  158),  and  the 
possession  by  them  of  mutually  attractive  powers  varying  in 
degree  with  their  nature,  it  becomes  self-evident  that  as  soon  as 
any  two  different  substances  come  within  the  range  of  their 
mutual  attractions,  or  in  contact,  they  must  exert  a  disturbing 
action  on  the  arrangement  of  each  other's  constituent  particles : 
those  atoms  in  the  two  bodies  which  have  the  greatest  attrac* 
tion  for  each  other  will  necessarily  turn  towards  each  other, 
and  weaken  if  they  do  not  altogether  overcome  the  attractions 
which  hold  them  in  their  originid  arrangement :  the  disturbance 
thus  caused  is  necessarily  propagated  to  the  contiguous  mole- 
cules; hence  is  produced  a  consecutive  orderly  arrangement 
called  polarization,  tending  to  complete  a  closed  (main  or  circuit, 
owing  to  the  action  of  the  partially  released  (or  as  is  often, 
but  erroneously  stated,  repelled)  atoms  seeking  fresh  partners 
or  points  of  union. 

541.  Galvanic  Circuit. — ^We  may  find  an  illustration  in  mag- 
netism. We  may  regard  the  atom  as  a  small  magnetic  needle, 
the  molecule,  as  two  such  needles  mounted  on  a  stem  with  their 
poles  opposed,  forming  an  astatic  system  in  which  the  attrac- 
tions of  the  several  poles  satisfy  each  other;  now,  this  needle 
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being  suspended  freely,  will  be  indifferent  as  to  position,  bnt  if 
we  bring  a  magnet  near,  tbe  existing  internal  equilibrium  is 
deranged,  and  the  astatic  needle  will  place  itself  in  some 
position  due  to  the  external  influence ;  the  same  will  occur  if 
we  bring  a  second  astatic  or  combined  system  near  the  first 
(they  being  capable  of  free  motion  in  any  direction) — ^they  will 
arrange  themselves  as  is  represented  by  Fig.  74. 

Fia.  74. 
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I  and  2  represent  molecules  held  together  thus  by  the  forces 
of  polar  attraction  of  the  atoms,  represented  by  spiral  springs. 
When  two  such  molecules  approach,  part  of  their  forces  act 
externally  and  hold  the  molecules  togetber,  though  with  a  force 
less  powerful  than  the  internal  affinity.  3  and  ^  convey  the 
same  idea  more  fully ;  in  x  the  internal  attraction  is  shown 
strong;  in  4  it  is  weakenea  by  part  of  the  attractions  being 
directed  externally  to  the  nearest  or  most  attracted  of  the  atoms 
of  the  approaching  molecule.  This  is  the  action  described 
throughout  this  work  as  dectrie  polarization  to  which  the  actions 
of  electricity  are  chiefly  due. 

542.  We  may  imagine  a  line  of  equidistant  supports  carrying 
magnetic  needles,  which  can  therefore  turn  on  their  axes  but  not 
change  place. 

N   8       N  S       N  8       y  8        a_ 

-f-        +-        +-        +-        + 

Such  a  system  would  arrange  itself  in  polar  order,  and  on  the 
presenting  of  a  S  Pole  (as  S  at  the  end  of  the  row),  each  magnet 
would  in  turn  revolve  and  transmit  this  motion  along  the  line, 
or  if  the  terminal  magnet  were  forcibly  moved  a  similar  action 
would  occur,  and  by  it  mechanical  energy  would  be  trans- 
mitted, losing  itself  partly  on  the  way  by  friction ;  the  more 
distant  magnets  would  also  have  less  effort  exerted  upon  them, 
under  conditions  analogous  to  the  fall  of  potential  in  a  con- 
ductor, §  401. 

543.  A  more  mechanical  form  of  the  same  idea  consists  of  a 
row  of  wheels  working  into  each  other  and  all  moved  by  energy 
imparted  to  the  first  one,  which  energy  is  transmitted  along  the 

Digitized  by  VjOv 


544*]  OKNERATION  OF  BLEOTBOMOTIYB  FOBOB,  888 

row,  each  wheel  moving  on  its  axis  without  change  of  place. 
It  will  be  seen  that  this  conveys  the  two  ideas  of  **  quantity  " 
and  of  work  just  as  completely  as  does  the  actual  transmission 
of  a  material  bulk  of  water  in  a  pipe :  each  single  rotation  of 
the  wheels  is  a  measure  of  quantifjr  as  perfect  as  is  the  motion 
of  a  foot  of  water,  and  the  energy  transmitted  will  be  as  the 
square  of  the  number  of  rotations  in  a  given  time.  Here  then 
we  have,  as  in  electricitv,  conditions  corresponding  to  the 
number  of  turns  (quantity)  and  the  pressure  applied  (E  M  F), 
resulting  in  energy  as  C  X  E. 

5^  Polarization  bt  Positive  Metal.  —  These  ideas  are 
readily  transferred  to  the  atoms  and  molecules  of  matter,  for 
there  is  very  great  reason  to  believe  that  every  atom  is  endowed 
with  a  species  of  polarity  similar  to  that  of  the  single  needle. 
A  piece  of  zinc  is  immersed  in  sulphuric  acid  and  the  molecules 
in  contact  instantly  arrange  themselves  thus : 


one  of  the  atoms  of  zinc  attracting  the  sulphuric  radical  SO4 
and  weakening  the  previous  internal  attraction  of  this  for  the 
hydrogen  which,  with  the  second  atom  of  the  zinc  molecule, 
similarly  exerting  external  force,  acts  in  turn  upon  other  mole- 
cules, till  a  complete  chain  is  formed  through  the  lines  of  least 
resistance ;  if  we  continue  the  formulsd  through  the  action  of  a 
Daniell's  cell,  that  is,  through  sulphate  of  copper  and  a  wire,  it 
is  easily  traced. 

-  Zn.  Zn. 

The  upper  brackets  show  the  original  molecules,  the  lower  ones 
the  new  attractions  exerted  and  new  molecules  ultimately 
formed;  the  diagram  thus  shows  one  atom  of  zinc  removed 
from  one  plate  and  one  atom  of  copper  deposited  on  the  other, 
while  the  free  atoms  of  zinc  and  copper  propagate  the  polariza- 
tion through  the  connecting  wire.  A  single  molecular  action 
is  shown  here  for  simplicity,  but  the  fall  e£Eect  can  be  traced 
out  only  in  a  number  of  such  chains  parallel  and  completed. 
At  present  we  only  seek  to  examine,  not  the  complete  action, 
but  the  forces  engaged  in  the  action  of  one  molecular  chain,  and 
the  diagram  shows  it  to  be  the  intrinsic  energy  given  up  by 
zinc  combining  with  sulphuric  radical,  less  that  absorbed  in 
separating  copper  from  the  same  radical ;  energy  which  appears 
as  heat  in  or^ary  circumstances,  as  electricity  when  the  polar 
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chain  can  be  formed;  in  this  latter  case  disraptive  action 
occurs  under  a  degree  of  force  wluch  would  not  permit  direct 
chemical  reactions ;  in  fact,  the  best  practical  electromotors  are 
of  this  class,  where  the  chemical  affinity  produces,  not  disrup- 
tion, but  only  tendency  to  it,  i.  e.  polarization,  the  actual  dis- 
ruption and  complete  chemical  reaction  only  occurring  when 
the  chain,  being  completed,  allows  the  force  to  be  distributed 
along  it.  This,  as  a  fact,  is  already  generally  understood,  but 
the  process  by  which  it  takes  place  is  not,  and  yet  more,  the 
electromotive  force  is  generally  set  down  as  holding  some  direct 
and  simple  relation  to  the  intrinsic  energy  or  chemical  affinity 
alone,  which  is  not  really  the  case. 

545.  Actions  at  Negative  Plate. — We  have  seen,  §  jao, 
that  the  total  force  possibly  to  be  obtained  from  the  equivalent 
of  zinc  sulphate  is  10,503  foot-lbs.,  or,  the  volt  being  4673 
foot-lbs.,  we  may  say  that  the  gross  electromotive  force  of 
zinc  is  2  *  248  volts,  less  deductions  to  be  now  ascertained,  (i) 
There  is  the  energy  absorbed  by  the  substance  set  free— copper 
in  the  Daniell ;  nitrous  gases  in  the  Orove  and  Bunsen,  chromic 
alum  in  the  bichromate  (some  of  these  may  be  simplified  by 
regarding  the  process  as  the  liberating  of  oxygen  from  prior 
combination),  and  most  serious  of  all,  nydrogen  in  the  single 
acid  cells.  (2)  There  is  the  effect  of  the  negative  plate  itself, 
and  this  has  hitherto  been  generally  overlooked,  although  it  is 
well  known  that  the  electromotive  force  of  a  cell  varies  with  the 
nature  of  the  negative  plate.  The  theory  now  under  considera- 
tion will  tell  us  why.  We  have  seen  the  zinc  polarizing  the 
liquid,  but  on  the  same  principles  every  metal  would  attract 
the  acid  radical  and  tend  to  produce  polarization.  Hence  the 
force  of  polarization  produced  on  the  chain  is  the  difference 
between  the  two  attractions  of  the  metals;  this  means  a 
struggle  between  the  two  metals  for  the  possession  of  the 
sulphuric  radical,  and  only  the  balance  of  the  greater  force  is 
available  to  eject,  say  the  hydrogen,  and  having  done  this  at  an 
expenditure  of  6841  foot-lbs.  the  residue  is  all  that  remains 
to  develop  into  electromotive  force,  and  ultimately  into  work, 
and  into  heat  distributed  according  to  the  well-known  laws  of 
the  ratio  of  the  resistance,  llie  total  possible  force  of  a  Smee 
or  similar  cell  is  therefore — 

Total  force  of  zinc     ..      ..    foot-lbs.  10503  =  volts  2-248 
Absorbed  by  hydrogen    , ..         „  6841  „       ''4^4 

=  3662  „         -784 
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and  from  tlds  has  to  be  deducted  the  counter  effect  of  the 
negatiye  or  collecting  plate. 

546.  Here  we  have  the  explanation  of  the  rapid  failure  of 
power  of  the  single  acid  cells,  such  as  the  Smee,  §  121.  The 
E  M  F  tested  in  such  a  way  as  to  prevent  its  working,  as  by 
condensers  or  against  a  very  high  resistance,  is  much  larger 
than  this.  Gark  gives  it  as  1-098  and  as  only  '487  when 
working;  the  difference  is  probably  the  energy  absorbed  in 
rendering  hydrogen  gaseous;  for  under  the  first  condition  (high 
resistance  and  very  small  current)  the  hydrogen  set  free  does 
not  actually  become  a  gas,  it  either  forms  a  li<]^uid  (metal)  film 
on  the  plate,  or  enters  into  a  partial  union  with  it,  or  is  dissolved 
in  the  liquids,  and  the  force  which  would  be  required  to  gasify 
the  hydrogen  is,  therefore,  available  for  electromotive  force. 

547.  In  estimating  the  counter  force  of  the  negative  plate  we 
require  some  starting-point  to  fix  an  actual  value  on  what  is 
otherwise  only  relative,  and  carbon  offers  a  material  whose 
counter  force  is  so  small  that  in  the  general  uncertainty  of  the 
figures  at  present  available,  we  may  safely  count  it  as  nothing, 
because,  although  a  conductor  like  the  metals,  unlike  the  metals 
it  has  no  power  to  replace  hydrogen  as  a  base,  or  to  form  salts 
with  add  radicals ;  nence  it  is  that,  properly  treated,  carbon 
gives  the  highest  attainable  force,  and  that  we  may  assume, 
without  much  risk  of  error,  that  the  force  it  gives  is  the  force 
of  the  -|-  metal,  less  only  that  of  the  substance  set  free  at  the 
—  plate.  This  applies,  however,  only  to  nitric  acid  and  similar 
cells,  on  account  of  the  great  capacity  carbon  possesses,  like 
platinum,  of  condensing  hydrogen  upon  its  surface. 

Taking  the  value  of  the  nitric  acid  cells  as  given  by  Clark, 
Table  X  VIII.,  and  expressing  all  the  forces  and  actions  in  the 
equivolt,  we  obtain,  as  a  starting-point,  the  force  absorbed  in 
decomposing  nitric  acid. 

Total  force  of  zinc volts  2*248 

Carbon  in  Bunsen  cell      ..      .,        „     i  -964 

Force  absorbed  by  nitric  acid  ..        „       -284 

In  the  Grove  cell,  all  the  conditions  being  the  same  except 
that  platinum  replaces  carbon,  we  have 

Force  of  carbon ''9^4 

„     platinum       1*95^ 

Counter  force  of  platinimi  ..      ..       »oo8 
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These  examples  show  the  processes  employed  in  calculatiDg 
the  annexed  tables.*  

548.  Elbctromotivb  Force  of  Cells. — Table  XVIII.  is  com- 
piled from  yarious  sources,  as  there  is  a  great  difference  in  the 
values  given  by  different  authorities.  My  own  determinations, 
made  for  the  calculations  now  being  considered,  were  made 
with  a  sine  galvanometer  through  a  resistance  of  1500  ohms, 
and  with  the  apparatus  described  §  512.  They  only  claim 
approximate  accuracy,  but  answer  the  purposes  for  which  they 
are  used. 

549.  Table  XIX.  shows  the  electromotive  force  of  Grove's 
cell  under  different  conditions;  it  is  derived  from  Poggendorf, 
and  is  very  instructive.  The  different  force  given  by  the  acids 
in  different  degrees  of  dilution  well  illustrates  the  mode  of 
conversion  of  specific  energy  into  electric  force.  As  we  mix 
the  acid  with  water  it  develops  heat,  and  this  means  loss  of 
potential  energy,  therefore  a  diminished  amount  available  for 
use;  for  the  same  reason  heating  the  liquids  increases  the 
electromotive  force.  Still  my  own  experiments  do  not  show 
that  this  source  of  force  produces  anything  like  the  effect  shown 
in  lines  11  and  12  of  Table  XVIII.,  on  the  authority  of  Clark 
and  Sabine ;  I  find  that  the  dilution  of  the  excitant  sulphuric 
acid  affects  mainly  the  resistance  rather  than  the  E  M  F. 

Table  XIX. — ^Force  of  Grove's  Cell. 


Zinc  la  Salphuric  Add. 

PUtinum  In  Nttrio  Acid. 

Force. 

Specific  gravity  1-136 

Concentrated   .. 

i"955 

1-136 

Specific  gravity  1*33 

1-809 

„           „        I -060 

1-33 

1-730 

»           V        1*136 

»            »»        1-19 

I-68I 

„           „        I -060 

i»            >•        1-19 

1-631 

Sulphate  of  zinc 

..        1-35 

1-673 

Common  salt 

.»            M        1*33 

1-905 

*  There  are  pecnliaritiefi  hitherto  unnoticed  in  the  behavionr  of  carbon  and 
platinnra  as  negatives.  In  some  experiments  1  have  nsed  two  plates  of  the  same 
size  in  different  reagents.  In  dilute  acids  and  in  chromic  acid  I  found  the  £  M  F 
with  carbon  one-sixth  greater  than  with  platinum.  But  when  the  same  plates 
were  used  in  nitric  acid,  the  platinum  gave  very  slightly  the  greater  force.  This 
would  indicate  a  source  of  the  different  results  by  different  experimenters :  the 
carbon  is  known  to  vary  in  quality  and  so  does  platinum,  and  besides  this  there  is 
probably  a  different  relation  with  each  variation  of  quality,  to  the  acid  radicals  of 
different  excitants. 
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;50.  I  have  found  in  all  cases,  as  shown  in  the  last  line,  that 
solution  of  salt  in  contact  with  acids  gives  a  higher  electro- 
motive  force  than  sulphuric  acid  does,  this  being  due  to  the 
reaction  of  the  two  liquids  upon  each  other,  which  comes  in  aid 
of  the  zinc.  It  will,  however,  give  higher  current  only  when  the 
external  resistance  is  large,  as  its  own  greater  resistance  counter- 
balances the  extra  force  it  generates.  A  glance  at  Table  XV. 
will  explain  this,  as  CoL  III.  shows  that  the  force  of  chlorides 
in  solution  is  greater  than  that  of  sulphates  except  in  the  case 
of  the  acids  themselves :  the  consequence  is  that  sulphuric  acid 
acts  upon  salt,  the  chloride  of  sodium,  and  metallic  chlorides  are 
produced  together  with  sulphate  of  soda,  and  this  extra  force  is 
added  to  that  of  the  circuit,  as  it  is  in  the  same  direction.  For 
similar  reasons  HCl  gives  higher  EMF  than  H2SO4  as  stated 
§§  165,  206,  and  211. 

^51.  Table  XX.  contains  my  own  experiments  on  the  nitric 
acid  and  similar  cells,  arranged  to  show  both  the  effect  of 
different  oxidizing  agents,  and  also  the  effect  of  different  metals 
as  positives. 

Tabls  XX. — FoBCBs  OF  Elbctromotobs. 


L 

IL 

m. 

IV. 

V. 

Negative  GelL 

PteitiyeOelL 

Force. 

Total  Foroe 
ofPoiittve. 

BeactioD. 

PUttnom. 

Sulphnric  add 
1  to  10  water. 

Nitric  acid,  ap.  g.  1*324 
»» 
»» 

Nitrate  of  soda  and  Bul-l 
phurioacid             ../ 
If 
Biohromate  of  potash  .. 

Zino 

Iron 

Copper 

Silver 

Zino 

Iron 
Zino 

X'76i 

X*i84 

•786 

•678 

i'540 

1*096 
1-905 

3-248 
1-671 
T-373 
1-165 

•487 
n 
n 
n 

•708 

•34} 

552.  Force  of  Positive  Metals. — ^From  the  force  given  by 
each  combination  in  Table  XX.,  and  asing  the  force  of  zinc 
already  obtained  by  calculation  from  Favre's  experiments  as 
the  starting-point,  ike  value  of  other  metals  is  readily  arrived 
at.  Taking  2*2a8  volts  or  equivolts  as  the  tot^  value  of 
zinc,  the  actual  lorce  generated  under  any  given  conditions 
gives  the  loss,  or  force  absorbed  by  those  conditions.  1^  the 
Grove  we  have   2*248—  1*761  =  '4^7 »   *^  ^®  oonditionSi 
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except  the  positive  metal,  Temaining  unchanged,  this  is  a  con- 
stant loss,  and  by  adding  it  to  the  actual  force  each  metal 
yields,  we  evidently  obtain  the  total  force  that  metal  can 
generate.  I  give  in  Table  XXL  the  results  of  several  snch 
processes,  and  also  the  value  derived  from  Favre's  figures  of 
the  sulphates. 

Table  XXI. — Forcb  of  Posrnvs  Mbtal& 


single  OeU. 

Zinc. 

Iron. 

Copper. 

Silver. 

Table  XXIIL,  Ool.  H. 

Danieirs        

Grove's,  XX^OoL  IV... 
Favre,  XV. 

3- 348 

1-703 
i'67i 
3*069 

I-380 

1-373 
1*358 

I-I74 
1*165 

These  figures  agree  among  themselves  more  closely  than 
those  given  by  difi'erent  authorities  for  the  same  experiments ; 
but  iron  presents  an  anomaly,  owing,  probably,  to  its  capacity 
for  forming  two  sets  of  salts.  However,  while  Favre's  figures 
make  its  value  2*069,  Andrews'  give  it  as  1*888,  so  there  is 
obviously  room  for  further  information. 

553.  Counter  Force  of  Negatives. — ^It  was  pointed  out  in 
§  $45,  that  while  the  chemical  action  at  the  positive  metal  is 
the  source  of  the  electromotive  force,  there  are  two  actions  at 
the  negative  plate  which  diminish  or  absorb  part  of  this  force ; 
the  first  of  these  is  the  opposing  power  of  the  negative  plate 
itself,  which  we  may  call  the  counter  force  of  the  negative. 
This  can  be  ascertained,  like  the  positive  force,  by  keeping  all 
conditions  constant  except  the  negative  plate.  Table  XXIL 
gives  the  forces  produced  by  both  sets  of  changes  at  one  view. 

Table  XXII. — ^Foece  of  Metals  in  Sulphuric  Acid. 


Negatives. 

FbBltiveB. 

SUver. 

Copper. 

iron. 

Zinc. 

Platinum        

Silver      

p«PP«'     

Iron 

•393 

•399 
•139 

•843 
•583 
•336 

1-367 

1*107 

•86r 

•558 

The  platinum  line  and  zinc  column  are  the  observed  figures ; 
the  others  are  calculated  firom  them.    The  forces  are  those 
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produced  against  bucIi  resistance  as  prevents  the  formation  of 
gas;  by  deducting  -583  from  them  we  get  the  force  under 
working  conditions  (§  545),  though  here,  again,  iron  shows  a 
discrepancy,  as  it  would  appear  that  iron  and  zinc  would  not 
produce  a  working  current,  though  in  fact  they  do. 

As  the  full  force  of  zinc  is  2  *  248,  and  i  *  367  is  the  highest 
actual  force,  we  have  2*24.8  —  1*367  =  '881  as  the  constant 
quantity  to  deduct  from  tne  total  loss  which  each  negative 
metal  daows  in  the  same  way  with  zinc ;  thus  silver  and  zinc 
give  1*107,  which,  taken  from  2*248,  leaves  i'iai  —  '881  = 
*  260  as  the  counter  force  of  silver.  In  this  way  Column  III.  of 
Table  XXIIL  is  obtained. 

I  may  here  remark  that  platinized  silver,  though  coated  with 
platinum,  acts  precisely  as  silver  so  &r  as  the  force  is  concerned  ; 
its  value  is  in  throwing  off  the  gas,  and  so  diminishing  resist- 
ance ;  and  hence  it  would  appear  that  it  is  more  economical  in 
the  long  run  to  use  platinized  platinum  than  the  cheaper  silver 
always  used. 

Columns  IV.  to  VII.  of  Table  XXIIL  show  the  net  force  due 
to  the  metals  of  each  combination;  that  is,  deducting  the 
counter  effect  of  the  negative  plate,  but  not  that  of  any 
chemical  reaction,  which  is  considered  separately  in  next  section. 
Some  writers  say  that  this  relation  is  constant  for  all  liquids, 
but  this  is  entirely  misleading;  it  is  wholly  a  matter  of 
chemical  reactions,  and  the  relations  may  even  be  reversed; 
thus  iron  is  positive  to  copper  in  acids,  but  copper  is  positive  to 
iron  in  sulphide  of  potassium  and  other  liquids.  See  §  24;, 
p.  166. 

The  figures  in  the  table  are  based  on  sulphuric  acid,  but  are 
approximately  correct  for  all  the  ordinary  combinations,  as  may 
be  seen  by  Table  XXI. 

Table  XXIII. — ^Force  of  Metals  in  Volts. 


u. 


m. 


IV. 


V. 


VL 


VII. 


Xames. 


Total  as 

POBltives  in 

Sulphuric 

Acid. 


Counter 

Force  as 

NegaUveB. 


Force  of  Poeitlvee  ab  opposed  to  Oolumn  I 


Zinc. 


Iran.  Copper.        Silver 


Carbon 

Platinum 

Silver      ., 

Copper 

Iron 

Zinc 


o 

(?) 

1-174 
1*280 
1-723 
2-248 


o 
-008 
•260 
•506 
•809 


2-248 
2*240 
1-988 
I '742 

IM39 
o 


1-723 
1-715 

1-455 
1*209 


1*280 
1*272 

J*OIO 


I- 174 
1-166 
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554.  Chbmical  Counter  Force  at  Negative  Plate. — The 
second  deduction  from  the  electromotive  force  is  the  chemical 
action  in  the  liquid  in  contact  with  the  negative  plate.  In 
§  545  the  force  of  setting  hydrogen  free  is  set  down  as  1*464 
equivolts  ;  this  is  an  excess,  no  doubt,  for  it  is  the  force  of  com- 
bustion of  hydrogen,  which  includes  the  latent  heat  of  gasifica- 
tion of  oxygen ;  in  full  work,  however,  the  batteries  do  really 
appear  to  absorb  this  amount,  for  the  counter  force  of  hydrogen 
coating  the  plate  makes  it  up.  Taking  the  force  when  hydrogen 
is  not  actually  set  free  as  gas,  we  may  obtain  the  latent  heat  or 
energy  of  gasification. 

Force  of  Smee  observed     1*107 

„     silver  zinc,  Table  XXIIL       1*988 

Difference  =  absorbed  by  hydrogen         ..      ..        '881 
Force  of  combustion  of  ditto i  *  464 

Probable  latent  energy  of  gases      -583 

555.  This  is  the  deduction  to  be  made  from  Table  XXIII.  to 
get  the  working  force.  By  similar  processes  we  can  obtain  the 
energy  absorb^  in  each  of  the  different  actions,  and  thus  is 
formed  Table  XXIV. 

Table  XXIY. — Enerot  Absorbed  in  Negative  Beactions. 

EquiYolts. 

Single  cells:  pure  hydrogen     i*4^4 

„        liquid        „  -881 

Nitric  acid.     Fuming         *284 

„  Specific  gravity  1*38 ..      ..        *36o 

1*33..      ..        -430 

1*32..      ..        -479 

Nitrate  of  soda  and  sulphuric  acid  ,.      ..        *7o8 

Bichromate  of  potash *343 

Manganese  peroxide '687 

Copper  in  Daniell        '500 

By  deducting  the  proper  one  of  these  figures  from  the  proper 
one  in  Table  XXIII.,  every  information  can  be  obtained  as 
to  the  proper  mode  of  forming  batteries,  and  much  waste  of 
time  and  money  may  be  saved  in  testing  any  idea  which  occurs 
as  to  a  probable  combination ;  if  the  requisite  metal  or  liquid  is 
not  in  the  tables,  the  first  thing  to  do  is  to  make  a  simple 
experiment,  and  add  the  result  to  the  proper  J»ble.    Such  a 
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process  would  at  onoe  dispose  of  many  of  the  orade  ideas  which 
suggest  themselves  to  experimenters. 

The  figures  in  all  these  tables  refer,  of  course,  to  the  perfect 
condition  of  things,  and  at  first  starting ;  in  all  cases  the  (manges 
which  occur  in  action  soon  reduoe  the  force. 

556.  It  is  evident  from  all  these  figures  that  EMF  and 
chemical  afi&nitj  are  manifestations  of  one  natural  force.  It  is  in 
fact  acknowledged  by  all  electricians  that  the  electromotive  force 
is  expressed  by  the  potential  energy  of  any  chemical  affinity 
(even  by  those  who  say  there  is  no  inter-dependence  though 
both  may  be  related  to  some  third  agency).  It  is  a  certain  fact 
that  in  electrolysis  the  act  of  breaking  up  a  substance  into  a 
simpler  condition,  such  as  deoxidation,  involves  the  presence  of 
an  E  MF  which  takes  no  part  in  the  nsual  formula,  which  is 
not  active  in  producing  current,  that  is  to  say,  the  formula  must 
be  written  E  —  6  to  account  for  the  actual  current  produced. 
This  —  6  is  just  equal  to  the  positive  E  which  the  corresponding 
reverse  act  of  oxidation  will  produce.  On  the  other  hand  it  is 
known  that  some  energy  disappears  which  is  not  accounted  for 
in  the  B  of  l^e  circuit,  and  this  energy  again  is  exactly  that 
corresponding  to  the  chemical  union  broken  np ;  here  then  we 
have  the  two  terms  of  E  and  energy  connected  and  equivalent. 

5  J  7.  This  is  commonly  stated  in  the  following  manner.  The 
work  done  in  transmitting  electricity  is  as  E  x  Q  (which  is 
simply  E  X  0  in  another  form,  witnout  reckoning  time,  as 
G  =  Q  -T-  T),  and  the  same  formula  applies  to  doing  Siis  against 
an  opposing  EMF,  as  in  a  decomposition  cell.  In  this  case 
a  chemical  combination  is  reversed,  of  which  in  most  cases  the 
calorific  equivalent  has  been  experimentally  determined,  as 
in  Cols.  VII.  and  VIIL  of  Table  XIII. 

Let  H  represent  the  heat  of  combination  of  i  gramme  of 
a  substance ;  say,  taking  Favre's  values,  hydroeen  =  3446a 
combining  with  oxygen,  and  zinc  passing  to  smphate  1623 
calories. 

Let  A  represent  the  ampere  or  coulomb  equivalent  of  any 
substance  in  grammes.  Col.  IX.,  Table  XUL,  multiplied  by  10 
to  bring  it  to  the  O.O.S.  unit  of  current,  the  coulomb  being  io~'. 
J  being  the  equivalent  of  the  calory  in  ergs  42  X  10^,  and  the 
volt  being  10^  absolute  units  (see  §  381),  we  have 

ExQ  =  QxHAJ. 

An  arithmetical  result  of  this  equation  is  that  removing  Q 
from  both  sides  we  have  E  =  H  A  J,  which  means  E  M  F  == 
^ergy.    An  example  will  make  this  plain. 
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In  the  case  of  hydrogen  burning,  we  have 

H  =  calories  344^2  Log  4*5373405 

A  =  'ocxxjioia  X  10  ~4«oo95453 

J  =  4'2  X  10^  or   42,oc»,ooo  7*6232493 

Energy  in  ergs  8  •  1 701 35 1 

I  volt  =  C.GS.  units  10®  8-oocx)Ocx) 

YoltsofEMFduetotheunionof  Hand0o*i7Oi35i  =  1*480 

In  the  case  of  sdno  forming  sulphate  we  have, 

H  =  calories  1623  Log  3*2io3i85 

A=  -00033324x10        "3*5227571 

,      4*2  xio'     ,    -  _  _    ^ 

J  ss-^^ — 5 — as  before  =1*6232493 

0*3563249  =  2*272 


io» 


Then  2 *  272  —  i '  480  gives  '792  as  the  E  M  F  of  the  combined 
action  of  zinc  dissolving  and  giving  off  hydrogen,  values  which 
are  closely  the  same  as  those  given  by  my  plan  and  the  equivolt, 

§545* 

558.  Hence  we  have  this  definition,  the  EM F  eorreiponding  to 
any  chenUecd  action  is  equal  to  the  product  of  the  equivalerU  weight  of 
ihe  bade  ion,  and  of  the  heat  of  combination  of  the  two  ions  expreued 
as  C.G.8.  unite  of  work:  that  is  to  say,  when  all  the  elements  are 
reduced  to  the  absolute  expression. 

It  appears  difficult  to  understand  how  in  the  face  of  such  a 
fact  and  such  an  accepted  law  any  one  can  dispute  the  statement 
that  £  M  F  is  merely  a  metamorphosis  of  chemical  affinity,  and 
talk  about  contact  potential  in  face  of  the  evidence  that  both 
chemical  affinity  and  E  M  F  are  forms  of  energy,  correlative, 
convertible,  and  expressible  by  identical  figures. 

559.  Equivolt  for  Gramme  Systbm. — The  foregoing  mode 
of  calculation  is  used  in  order  to  follow  the  argument  and  to 
put  the  facts  in  the  form  adopted  by  most  writers,  but  there  is 
a  much  simpler  way  of  doing  it,  wluch  has  the  great  advantage 
of  leading  us  up  to  a  natural  law,  instead  of  a  mere  arith- 
metical expression. 

Let  H  be  the  calories  per  gramme  equivalent,  in  which  form  the 
value  is  usually  stated,  or  which  can  be  at  once  ascertained 
from  H  X  A  abova 

Let  J  be  the  calories  corresponding  to  amperes  6^38  x  1 5*432 
=i  97808*5   (the   time   in  seconds  during  whicn  an  ampere 
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current  effects  i  gramme  equivalent  of  action),  =  23287*7  log 
4-3671271. 

We  now  have  a  figare  which  is  for  the  gramme  equivalent 
and  calory  system  precisely  the  same  thing  as  my  eqnivolt  is 
for  the  grain  equivalent  and  fooirpound  system.  Thus  we 
have 

H  hydrogen  i  gramme      34462      Log     4*5373405 
J  gramme  equivolt        23287-7  4*367i27i 

Volts  of  E  M  P  due  to  H  and  0  as  before     o*  1702134  =  i  -480 

Small  differences  in  the  various  values  are  due  to  the 
different  mechanical  equivalents. 

560.  In  connection  with  these  figures  it  may  be  remarked 
that  Dr.  Alder  Wright  has  carried  out  a  variety  of  experiments 
on  the  E  M  F  actually  developed  in  connection  with  the  combi- 
nation of  hydrogen  and  oxygen  and  found  it  to  be  i  '5038  volts, 
as  close  an  approximation  to  the  value  deduced  from  the  theory 
as  can  be  expected  when  means  of  measurement  differ  so  much 
as  may  be  seen  to  be  the  case  in  connection  with  the  E  M  F  of 
so  definite  a  combination  as  that  of  the  Daniell  cell,  and  while 
both  the  chemical  value  of  the  ampere  current  and  the  true 
mechanical  equivalent  of  heat  are  as  yet  not  exactly  deter- 
mined. 

561.  Work  of  Heat  Varies  as  the  Square  of  the  CuRRiarr. — 
The  following  formulae  give  the  heat  or  work  developed  in  any 
circuit  or  any  part  of  it  by  expressing  the  various  factors  in 
their  proper  units,  E  in  volts,  B  in  ohms,  0  in  amperes,  T  is 
time  in  seconds,  and  J  is  the  constant  in  each  case  representing, 
in  Table  XVIL,  p.  325,  the  value  of  the  joulad  of  work : 

1.  C«  X  R  X  J  X  T. 

2.  C  X  E  X  J  X  T. 

-     E«  X  J  X  T 

3.  _    ^ 

That  is  to  say,  in  the  same  resistance  and  time,  the  work  of  the 

current  varies  as  the  square  of  the  current,  or  while  on  the 

E 
formula  C  =  ^,  the  current  itself  under  these  conditions  varies 

directly  in  the  ratio  of  the  eUdromotive  force,  the  work  or  heat  of 
the  current  varies  in  the  ratio  of  the  aqtiare  of  the  electromotive 
force. 

This  is  a  serious  stumbling-block  to  many  (especially  when 
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regarding  electricity  as  a  fluid)  who  cannot  perceive  for  what 
reason  the  mere  doubling  the  quantity  of  a  fluid  passing  should 
endue  it  with  fourfold  force;  but  all  the  mystery  disappears 
when  examined  by  the  light  of  the  molecular  theory,  as  also  by 
the  aid  of  the  hydraulic  analogies,  §  436,  &c  Let  us,  then,  study 
it  in  a  simple  experiment  measured  exactly  by  the  figures  we 
have  already  obtained. 

562.  Lot  us  take  three  exactly  similar  bichromate  cells.  A, 
A^  A^,  the  force  of  each  of  which  is,  per  Table  XVIII.,  volts 
2*028,  the  internal  resistance  taken  as  ohm  0*2  arranged  as  in 
Fig.  75. 

Fio.  75. 


G  is  a  galvanometer  whose  resistance  we  call  o*  i,  and  whose 
value  in  amperes  is  known. 

B  is  a  rheostat  or  resistance  instrument  for  adjusting  resist- 
ance and  current  as  required. 

C  is  a  calorimeter,  such  as  described  §  352,  the  wire  of  which 
has  a  resistance  of  i  ohm. 

D  is  a  depositing  voltameter  with  two  copper  plates  and  a 
resistance  of  ohm  o*  200. 

The  functions  of  these  two  should  be  fully  understood:  D 
measures  current  or  **  quantity,"  pure  and  simple ;  so  long  as  a 
given  current  passes,  exactly  the  same  weight  of  copper  deposits 
in  the  same  time,  whether  i  or  50  cells  be  employed,  and 
whether  the  resistance  of  D  itself  be  '2  or  100  ohms.  C 
measures  the  energy  or  heating  power  of  the  current  in  a  fixed 
resistance ;  if  its  wire  be  2  ohms  instead  of  i,  it  indicates  double 
work  done ;  but  if  it  be  i  ohm,  but  the  "  current "  be  doubled, 
then  it  indicates  fourfold  work. 

563.  We  wish  to  obtain  through  this  circuit  with  one  cell  an 

ampere  current,  what  must  the  resistance  be  ?    The  formula  is 

E      p  2-028  o 

—  =  B  =  2*028. 

0  I 
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The  fixed  resistazioe  is      ..      ..     O  *  loo 

0  I'ooo 

D  '200 


1-300 

A,  internal  resistanoe        *200 

B,  rheostat  and  oonnections ;  to  be  made  =     *  526 

2-028 

Under  these  conditions  a  current  of  i  ampere  passes,  and 
therefore  in  6338  seconds  i  equivalent  of  chemical  action  takes 
place  throughout  the  circuit;  that  is,  32-6  grains  of  zinc  are 
dissolved  in  the  cell  A  (independent,  of  course,  of  any  local 
action),  and  in  D  31  '75  grains  of  copper  are  dissolved  fii^m  one 
plate  and  deposited  on  the  other,  while  in  C  heat  is  produced 
equivalent  to  4673  foot-lbs.  of  energy:  that  is,  enough  to  heat 
I  lb.  of  water  a  little  over  6°  Fahr. 

564.  We  must  now  assume  a  few  conditions  to  adjust  the 
experiment  to  the  theory.  Let  us  consider  the  wire  of  C  as 
consisting  of  a  single  chain  of  molecules,  along  which,  during 
the  solution  of  an  equivalent  of  zinc,  4673  impulses  or  molecular 
vibrations  are  transmitted,  each  impulse  being  equivalent  to 
i  fbot-lb.  of  energy  for  each  unit  of  current  generated  in 
the  chain ;  these  are  the  conditions  of  paragraph  3  of  the  defi- 
nition of  the  equivolt,  §  527.  These  figures,  though  assumed, 
exactly  express  the  facts,  for  it  is  precisdy  the  same  in  the  end 
whether  one  single  chain  represents  each  action  as  i  foot-lb., 
or  whether  a  miuion  molecular  chains  transmit  each  only  one- 
millionth  of  a  foot-lb.;  the  total  figures  are  true  either  way, 
but  the  assumption  enables  us  to  form  a  definite  conception  of 
the  facts,  and  to  deal  with  them  in  simple  figures. 

56^.  Under  these  conditions  we  may  deal  with  the  force  in  a 
simple  Dr.  and  Cr.  account,  thus : 

Dr.  Eqnivoltg.      Ft-lbs. 

I  equivalent  of  zinc 2,248       10,503 

Or.  OhmB.  Eqnivolts.  Ft-lbo. 

Absorbed  in  deoxidation '220        1,028 

As  heat  in  cell : 

Struggle  of  polarization,  nt'Z  ..   *ooo 

Besistanoe  of  cell     ..      ..  *200 

E^ten^of  general  circuit,  |  .g^g  ^.^^g        ^^ 

Beeistanoe  of  calorimeter  C  i  'OCX)        4,673 

2-248      10,505 
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The  value  of  deoxidation,  *  220,  is  less  than  that  given  for  the 
bichromate  cell  in  Table  XXIY.,  bnt  as  I  am  taking  the  foi*oe 
given  by  Clark,  this  necessitates  the  lessened  loss  in  the  re- 
action ;  for  the  present  purpose,  however,  the  actual  figures  are 
of  small  consequence  so  that  they  are  all  duly  proportioned. 

566.  We  now  insert  a  second  cell,  A',  and  our  E  M  F  becomes 
4*056,  the  internal  resistances  '400,  and  therefore  we  reduce 
that  of  B  correspondingly,  leaving  total  resistance  the  same ; 

then  - — ^  =  2.    Our  current  is  now  doubled — that  is,  G  marks 
2-028 

a  current  of  2  amperes  per  second ;  D  deposits  63  *  5  grains  of 
copper  in  the  equivalent  period  of  6338  seconds,  or  twice  as 
much  as  before;  but  C  marks  heat  equivalent  to  18,692  foot- 
lbs.,  or  24*2  heat  units,  that  is,  fourfold  energy,  instead  of 
only  double  like  the  rest.  Why  ?  There  being  two  units  of 
current  there  are  two  equivalents  of  zinc  dissolved  in  each  cell. 
There  are  two  cells,  and  therefore  we  have  foxirfold  ener^ 
given  up  by  the  zinc.  But  the  chain  of  molecules  is  unalter^, 
except  that  by  inserting  the  second  cell  we  have  doubled  the 
strain  put  upon  the  chain,  making  it  4*056  volts  instead  of 
2*028,  and  therefore  each  molecular  impulse  has  a  force  now 
of  2  foot-lbs. ;  owing  to  this  doubled  energy  it  overcomes  the 
resistance  in  half  the  time,  and  therefore  the  current  is  doubled. 
But  the  consequence  of  this  is  that  in  the  time  of  the  experi- 
ment we  have  now  46*^3  x  2  =  9346  molecular  impulses  (which 
represent  the  "quantity"  or  current),  each  effected  under  a 
force  of  2  foot-lbs.,  and  as  resistance  means,  and  is  measured  as, 
the  effecting  each  such  impulse  in  the  single  time,  these  con- 
ditions imply  that  the  work  of  overcoming  resistance  in  half  the 
time  is,  for  each  ohm  of  resistance,  9346  x  2  =  18,692  foot-lbs. 

567.  We  now  state  the  second  set  of  conditions  in  a  Dr.  and 
Cr.  account  like  the  first : 

Dr.  EqniYolis.  Ft.-lb8. 

CeUA.aunitBofrino [H^l  "  g503 

Cell  A',  2  units  of  zinc 4*49^  ••  21,006 

8*992  ..  42,012 

Cr.  EquivoltB.     Ft-lbe. 

Deoxidation  4  units  at  *  220  ..  *  880        4,1 1 2 

Absorbed  per  ohm : — 

In  doubling  current  =   2*000 

In  doubling  force  2*000 


2x2  =  4*ooo 
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Resistance  of  cells  ..  '400 

Besistance  of  general  1  . ,  g 

circuit )    

Besistance  of  C 


Ohms. 

EquiYolts. 

Ft-lbs. 

1-028 

4*112 

19,216 

I'OOO 

4-cx)o 

18,692 

2-028       8-992     42,020 


The  slight  difference  in  the  foot-lbs.  is  owing  to  the  use  of 
even  numbers  and  neglecting  small  fractions. 

The  experiment  with  three  cells  would  give  exactly  the  same 
result,  except  that  9  equivalents  of  energy  per  ohm  are  required 
to  maintain  a  threefold  current,  and  it  is  needless  to  occupy 
space  in  working  it  out  in  detail. 

If  in  the  second  case  we  add  an  equal  extra  resistance,  and  so 
keep  the  current  at  the  i  ampere  as  in  the  first  case,  we  get 
I  equivalent  of  zinc  consumed  in  each  cell,  and  the  conditions 
become: 

Dr.  EqniYolts. 

2  equivalents  of  zinc  =  4 '49^ 

Or.  Ohms.        Evlts.          Evlta. 

Deoxidation,  2  cells       ..  ..              ..              -440 

Besistance : 

Cells '400 

Circuit         ..      ..     -628 

Extra 2-028  2-656         ..           3*05^ 

C.  Calorimeter        ..     ..  ..              ..           i-ooo 

4-496 

568.  This  may  be  stated  in  another  way,  which  will  exhibit 
the  principle  clearly.  The  units  of  measure  we  deal  with 
embrace  four  elements :  (i )  mass  or  quantity  moved ;  (2)  space 
moved  through,  or  the  R;  (3)  time  during  which  motion  is 
produced ;  (4)  the  absolute  force  operating.  The  final  result  in 
any  special  case,  as  compared  with  the  unit  standard,  will  vary 
in  the  ratio  of  each  and  all  of  these  four  elements;  time,  of 
course,  in  inverse  ratio.  The  electrical  measures  are,  in  fact, 
linked  to  these  several  units.  In  our  present  experiment — (i) 
is  a  unit  molecular  impulse  of  i  lb. ;  (2)  is  4673  ft.  (and  this  also 
under  the  condition  of  unit  current  represents  i  ohm  resistance) ; 
([3) is  the  duiation  of  i  equivalent  unit  current,  6338  seconds ;  (4) 
is  the  volt,  and  in  unit  conditions  links  all.  We  have,  there- 
fore, in  the  first  experiment  of  i  ampere  current,  forces  as 
expressed  in  line  A  l^low ;  in  the  second,  of  2  ampj^re  currents 
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in  same  resistance,  the  conditions  are  expressed  by  lines  B  aAd 
C,  according  as  we  regard  the  time  or  the  current  as  the  fixed 
element : 


I            ^ 

I               4 

Ciiirent.     Ohm. 

Time.      Force. 

A     .. 

..      I      X      I      X 

1X1      = 

I 

B     .. 

..       2      X       I      X 

1X2      = 

4 

C     .. 

..       I      X      I      X 

4 

=      2X2      = 

4 

569.  From  all  this  it  follows  that,  starting  with  the  normal 
amount  of  energy  expressed  in  the  units,  the  energy  needed  to 
generate  current  and  the  energy  absorbed  in  the  circuit  or  in 
each  ohm  of  the  resistance  vary  as  a  fact  in  the  ratio  of  the 
square  of  the  cuiTent  passing ;  but  it  is  very  evident  also  that 
the  statement  that  the  work  of  a  current  varies  in  the  ratio  of 
the  square  of  the  current  is,  after  all,  only  a  mathematical 
expression  based  for  convenience  upon  a  single  one  of  the  two 
varying  conditions,  as  with  static  electricity,  §  71,  for  the  real 
fact,  as  shown  in  the  several  Dr.  and  Cr.  accounts,  is  that  it 
varies  not  as  the  square,  but  in  the  direct  ratio  of  the  current, 
that  id,  of  the  number  of  molecular  actions  in  a  given  time,  but 
that  it  also  f  arias  in  the  direct  ratio  of  the  force  under  which 
these  actions  occur ;  it  is  because  these  two  necessarily  vary  in 
exactly  the  same  degree,  one  being  dependent  on  the  other,  that 
the  combined  effect  can  be  truly  represented  as  due  to  the 
square  of  either  one  of  them.  The  same  principle  will  be 
found  to  underlie  every  action  which  varies  in  the  ratio  of  the 
square  of  its  apparent  cause,  examination  will  always  discover  a 
second  cause  operating  pari  passu,  the  two  linked  together  and 
therefore  producing  a  result  which  can  be  expressed  as  the 
square  of  either  of  them. 

570.  Potential  regarded  as  energy.  We  may  now  revert 
naturally  to  the  examination  of  **  electric  potential "  from  the 
other  point  of  view  referred  to  §  439,  that  which  is  involved  in 
its  definition  as  work,  §  76.  AU  tne  fskcts  and  figures  in  this 
chapter  show  that  E  M  F  is  equivalent  to  energy  stored  in  and 
applied  upon  a  definite  molecular  chain;  that  'Wolts"  are  as 
"foot-lbs."  of  energy  thus  stored;  therefore,  returning  to 
the  table  of  the  "Force  of  Gravity,"  p.  263,  it  follows  that 
potential,  that  is  electrostatic  potential,  corresponds  to  Col.  YI. 
potential  energy,  head  of  water,  although  its  dynamic  equiva- 
lent, electromotive  force,  equally  measured  in  volts  is  best 
understood  by  treating  it  as  Col.  VIII.,  which  is  the  square  root 
of  head  of  water  or  potential  energy. 

571.  The  reason  is  that  E  M  F  is  employed  simply  to  explain 
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the  generation  of  eu/rrent^  which  oorresponds  to  momentum^ 
these  being  proportional  to  the  square  root  of  head  of  water  in 
hydraulics,  whUe  electrostatic  potential  is  defined  as  work  or 
energy,  and  therefore  oorresponds  to  head  of  water.  That 
each  of  these  Tiews  is  tme  and  useful  in  electricity  correspondB 
to  the  fact  that  both  are  true  and  useful  in  hydraulics;  that 
both  TiewB  are  capable  of  expression  under  one  common  unit, 
the  volt,  is  a  curious  result  of  their  mode  of  use  in  Ohm's 
formulsB. 

572.  Let  us  now  work  out  the  idea  that  E,  electromotive 
force  or  potential,  as  expressed  in  the  volt,  represents  the 
potential  energy  stored  upon  and  to  he  expended  wUhm  the  vmii 
molecular  chain :  the  links  of  this  chain  corresponding  to  i  grain 
equivalent  of  chemical  action. 

We  have  here  two  distinct  quantities  to  deal  with,  those 
referred  to  §§  14  and  15,  which  the  reader  will  do  well  to 
examine  now. 

^i)  A  quantity  of  energv  0,  which  is  4673  foot-lbs. 

(2)  A  qaantUy  eo^xdled  Q,  which  is  treated  in  different 
manners  by  the  different  schools  of  electricity,  and  upon  the 
dear  conception  of  which  the  comprehension  of  ekctrical 
phenomena  depends.  It  is  very  commonly  called  the  qwnUity 
of  electricity.  It  is  that  which  is  expressed  by  the  electrostatio 
unit  (§  55),  or  by  the  coulomb  (§  387),  which  is  3  x  10^ 
electrostatic  units.  It  is  also  represented  by  the  material 
quantity  which  is  commonly  regarded  as  associated  with  the 
electric  ^uantitv  as  its  effect,  mat  is  to  say,  those  material 
values  given  Col.  IX.,  p.  319* 

Here  it  represents  6338  coulombs,  the  value  oorreeponding  to 
I  grain  ecjuivalent  of  chemical  action,  associated  under  the  unit 
system  with  4673  foot-lbs.  of  energy. 

573.  There  is  no  more  real  mystery  about  these  two  quantities 
in  electricity  than  there  is  in  mechanics,  where  also  they  are 
constantly  present ;  the  mystery  which  surrounds  them  in  the 
usual  mathematical  treatment  is  entirely  due  to  the  artificial 
**  electricity  "  which  has  been  invented  by  the  various  theorists. 
We  can  examine  them  and  their  relations  by  a  modification  of 
the  hydraulic  analogy  of  |§  4^6  and  437,  where  we  considered 
electromotive  force  as  reoatea  to  velocity  or  current,  and  as 
corresponding  to  the  square  root  of  potential  energy  and  of 
head  of  water,  to  which  we  have  now  to  consider  it  as  directly 
related. 

574.  But  while,  §  437  (t),  velocity  or  current  is  as  the  eguare 
root  of  head  of  tDater^  tne  formulie  for  working  out  hydraulic 
problems  are  usually  based  upon  head  of  water  simply,  and  the 
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resistanoes  are  reckoned  in  terms  of  the  '*  head  "  necessary  to 
overoome  them,  which  hy  so  much  reduces  the  head  effective 
for  generating  current  We  cannot  adopt  this  process  because 
the  mechanical  and  electric  analog  is  not  perfect,  for  reasons 
given  §  44 :  the  running  water,  the  falling  weight,  retain  in 
themselves  a  portion  of  the  energy  derived  from  the  fall,  greater 
in  proportion  to  its  rapidity,  while  in  the  case  of  electricity  tiie 
energy  is  wholly  expended  in  the  current.  Most  hydraulic 
formiuaB  relate  really  to  this  residual  energy,  which  has  no 
counterpart  in  electrical  problems;  on  the  other  hand,  it  is 
because  the  expenditure  of  energy  within  the  circuity  which  is 
the  essential  (question  in  electricity,  is  in  some  aspects  only  to 
be  expressed  in  terms  of  the  square  of  the  other  quantity  Q  of 
§  572,  that  Ohm's  formidiB,  which  relate  to  both  quantities,  may 
be  treated  in  such  seemingly  inconsistent  methods  as  noted 

§§  439  a^d  570* 

575.  We  can,  however,  deal  with  the  analogy  by  considering 
the  unit  electrical  conditions  as  comparable  to  those  of  a  column 
of  water  4673  feet  in  height,  with  a  conducting  pipe  such  as 
allows  the  unit  quantity  (4673  lbs.  of  water)  to  flow  in 
6338  seconds,  whion  is  a  current  of  pound  '7373  per  second; 
in  this  case  the  quantity  and  energy  are  expressible  in  the 
same  terms  of  the  pound,  as  a  value  oorresnonding  to  the  unit 
energy  of  the  ampere  current,  i.  e.  the  joulao,  which  is  *  7373  of 
the  foot-lb. 

The  same  idea  will  probably  be  more  completely  received  by 
many  minds  in  the  form  of  a  pound  weight  suspended  by  a  cord 
4673  feet  long,  and  doing  work  as  it  descends,  in  the  normal 
time  of  6338  seconds. 

C76.  It  will  be  well  to  trace  the  relations  out  step  by  step. 

(a)  EUetromotiffe  force  E  means  a  quantity  Q  of  potential 
energy  ^of  which  the  unit  =  i  volt  is  4673  foot-lbs.)  charged 
upon  a  cnain  of  molecules  corresponding  to  a  quantity  Q,  which 
is,  for  each  link  of  the  chain,  i  grain  equivalent  of  chemical 
action. 

Mechanico-motive  force,  §431,  will  in  like  manner  be  re- 
presented by  the  column  of  water  or  the  weight  of  §  575. 

(()  Thla  potential  energy  is  in  the  electriod  case,  tohoUy  con- 
verted into  kineHe  energy ;  but  the  rate  of  conversion  depends 
upon  the  conditions  under  which  it  takes  place. 
'  (c)  Bate  of  eomtersion  of  energy  Q  is  proportional  to  rate  of 
ehemieal  action  Q;  both  correspond  to  the  rate  of  fieJl  of  the 
water  or  the  weight  §  ^75. 

(d)  Owrreni  is  qwjmitty  divided  hy  Hme^  that  is  to  sav,  it  is 
rate  of  conversion  or  transmission :  it  is  usualljr^nsidered  as 
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the  latter  only,  but  it  is  neoessary  to  extend  the  idea-  of  the 
current  to  energy  as  well  as  matter  or  electricity.    Therefore 

^  =  C    and    |  =  C. 

{e)  Unit  time  is  63^8  seconds,  and  therefore  nnit  C  =  ^j^  of 
H  nydrogen,  and  nnit  C  =  |fjf  =  '7373  foot-lb. 

(/)  We  see  that  in  this  formula  T,  time,  replaces  R,  resistanoe 
so-called,  in  the  ordinary  Ohm's  formula ;  in  fact,  the  statement 
that  current  is  quantity  divided  by  time,  and  the  statement 
(h)  that  rate  of  conversion  or  transmission  depends  upon  the 
conditions  under  which  it  occurs,  are  the  same  thing  differ- 
ently expressed,  for  time  is  simply  the  inverse  measure  of  rela- 
tive facilities  of  conversion  and  transmission:  if  the  facility 
of  transmission  is  reduced  to  half,  as  by  halving  the  area  of 
a  conductor,  the  time  of  transmission  of  unit  quantity  is 
doubled. 

(g)  Time  of  flow  of  unit  quantity  is  therefore  the  measui^  of 
conducting  capacity,  and  is  the  real  thing  represented  by  the 
so-called  resistance,  the  B  of  Ohm's  formulsB,  which  in  §  441  was 
shown  to  represent  the  reciprocal  of  this  capacity.  In  fact, 
current  is  as  conducting  capacity,  and  it  is  also  (d)  inversely  as 
**  time "  or  "  resistance,"  whichever  expression  oest  suits  par- 
ticular requirements. 

(h)  Electric  resiatance,  the  B  of  Ohm's  formulas,  represents 
really  the  time  during  which  the  unit  quantity  of  poteniicu  energy 
becomes  Jdneticj  and  this  under  unit  conditions  of  the  grain 
equivalent  is  6338  seconds :  but  this  definition  is  limited  to  the 
actionof  unit  EMF. 

(«)  The  conducting  capacity  of  any  circuit  is  proportional  to 
the  E  M  F  acting  upon  it,  §  443,  for  this  is  only  another  way  of 
stating  the  fact  that  current  is  as  the  EMF,  or  that  the 
resistance  is  alike  for  all  currents.  In  other  words,  the  actual 
capacity  =  the  unit  x  E,  and  it  is  the  reciprocal  of  this  which, 
§  441,  constitutes  the  artificial  '* electric  resistance"  B,  though 
this  is  arrived  at  by  methods  apparently  independent  of  the 
variable  EMF. 

(k)  To  make  the  definition  of  (h)  general,  we  must  in  like 
manner  take  into  account  the  EMF  operating,  and  then  we 
shall  find  that  B  corresponds  to  T  -f-  E,  time  divided  by  the 
EMF,  as  to  unit  energy  (t).  But  B  =  T  direct  when  we 
consider  the  material  quantity  or  current ;  that  is  when 
C  X  T  =  Q  =  I.  In  this  case  also  T  is  really  the  unit  time 
6338  -T-  C,  which  in  (/)  is  shown  to  correspond  to  B. 
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(Z)  The  reason  of  this  is  evident  when  we  oonsider  that,  as 
regards  energy,  w>e  are  dealing  with  limited  quantities  Q  and 
Q  divided  by  time  T,  while  Ohm's  formula  deals,  not  with  a 
general  quantity,  but  only  with  the  quantities  related  to  a 
single  second. 

(m)  Thus,  if  we  double  E  we  double  current  0,  and  therefore 
halve  the  time  T  during  which  the  unit  quantity  Q  (to  which 
we  are  limitine  our  consideration)  passes.  But  by  doubling  E 
we  have  doubled  the  quantity  Q  of  energy  connected  to  the 
material  quantity  Q,  and  therefore  we  have  these  conditions, 

2  E  C       T 

As  to  matter — =:  =  2 .0  and  Q  is  ^  x  .  ^  =  i. 

1  E  ^      2       '5 

2  Q  0      T 

As  to  energy -—7p  =  4.(7and  Qis      x    -  =  2. 
'5  ^  4-5 

These  are  the  conditions  of  (a),  those  of  the  unit  molecular 
chain  corresponding  to  Q,  upon  which  are  charged  quantities  of 
energy  corresponding  to  Q  x  E,  agreeing  also  with  the  laws  of 
energy  as  corresponding  to  C*  X  B  or  C  X  E. 

^77.  Probably  a  few  examples  may  make  the  matter  more 
mde] 


evident. 

Action  of  Q  =  Cuireni 
I  Volt  ^      .  I E        ^ 

E      i.n,    JxExO     ft.-lb8. 
R"^  "^*'  JxC«xB  =  i-479 

=  4-         Jx  2x4  =  5*899 


E^ 

B 

E. 


R    2. 


=  •25     Jx 'SX '25  = '092165 


Action  of  Q  =  Energy, 
ft-lb.     4673. _  .  I  E 

8econd8  6338.~    ^^^^ 
E  I.  =  4673 
T      rr  3169 
E  2.  =  9346  ^ 
T      s=  1584  " 
E'5  =  2336 
T 


I  T 

x-479    T 


=  iC=J. 


=    5-899    T  = 


6338 

0  =  2. 

6338 

C  =  4. 


=  2535a 


•092165  T  =  ^^^^ 


I  will  work  this  last  out  fully  in  logarithms. 


E. 
R 


•5  =  "i '6989700 
2.=    0*3010300 

0    -25  =  ~i -3979400 

J  '7373  =  "■i'8676563 
E        *5  =  "1*6989700 

"2*9645663 


unitQ 
E 
E 
T 
Energy  expended  per  seoond  = 


unit  time  6338 
C    25 

T 


25352 

4673. 
5 

2336. 

25352 

092165 


3-8019447 

_!_•  3979400 
4-4040047 

_3 -6696010 
1*6989700 

7^3685710 
4-4040047 

"2-9645663 


Showing  the  potential  energy  of  the  E  M  F  converted  into 
kinetic  energy  in  transmitting  current. 
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578.  One  remarkable  result  of  these  views  of  electric  action 
is,  that  we  can  entirely  eliminate  the  ideas  of  electromotive 
force  and  of  resistance,  replacing  them  in  calculation  by  *'  energy 
at  disposal,"  and  '*  &/cality  for  its  transformation  " :  we  can  then 
arrive  at  tiie  results  of  Ohm's  formulas  by  a  calculation  baaed 
upon  unit  values  of  these  two  elements. 

579.  For  the  convenience  of  comparing  processes  of  thought, 
let  us  make  the  ampere  current  the  starting-point,  the  term  in 
which  we  desire  to  express  results. 

(a)  Let  C  be  the  current  per  second  of  which  the  ampere  is 
the  unit,  represented  by  *  00001022  gramme  of  hydrogen,  or 
the  e^valent  of  any  other  substance. 

(&)  Let  J  be  the  unit  of  energy  corresponding  to  that  of 
I  ampere  current  during  i  second,  under  such  conations  as  we 
constitute  as  the  unit  of  '*  facility  of  transformation  of  energy  " : 
actually  we  make  J  =  the  joulad,  calory  *  24,  or  more  exactly 
Lc« -I -3767503. 

(c)  Let  A  represent,  as  in  §  441,  the  unit  conductor  just 
referred  to,  which  permits  J  to  be  transformed  from  potential  to 
kinetic  energy  while  generating  i  ampere  current ;  this  property 
is  of  course  dependent  upon  some  specific  constitution  of  the 
matter  in  which  the  transformation  is  effected,  with  which  we 
have  not  now  to  concern  ourselves. 

(d)  A  and  J  are  therefore  so  connected  with  0,  that  any  two 
will  of  necessity  define  the  third,  and  0  and  J  being  defined,  A 
may  be  fixed  by  arranging  a  circuit  in  which  J  produces  0,  and 
this  may  be  defined  as  the  unit  conductor.  As  this  converts  the 
whole  of  J  into  heat  or  kinetic  energy,  a  similar  conversion 
must  occur  in  a  succession  of  such  circuits  through  which  0 
passes,  and  each  must  require  J  of  energy  to  be  supplied  to  it : 
failing  this,  a  smaller  quantity  of  energy  will  be  distributed 
over  each  unit  portion,  and  a  smaller  current  will  traverse  the 
series. 

(e)  The  value  A  will  increase  in  the  ratio  of  the  number  of 
such  unit  conductors  equally  open  to  the  energy,  that  is  parallel 
circuits :  it  will  diminish  in  the  ratio  of  the  number  added  to 
the  circuit.  Or  if  we  regard  the  consumption  of  energy  as  a 
resistance,  the  true  resistance  of  §  426,  then  A  will  be  inver$eUf 
as  the  number  of  units  of  ener^  J  necessary  to  maintain 
the  current,  or  unit  C  with  unit  E  M  F. 

(/)  It  is  obvious  that  we  have  here  values  corresponding  to 
those  of  the  volt  and  ohm,  and  of  necessity  so,  because  we  have 
started  from  the  ampere,  with  the  intention  of  making  the  two 
sets  of  ideas  run  parallel  with  each  other,  so  as  to  illustrate 
the  natural  truths  embodied  in  them,  and  evidently  the  actual 
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values  must  be  the  same,  whatever  theoretical  views  we  may 
oonneot  to  them. 

{g)  Let  P  be  the  potential  energy  of  the  gramme  equivalent 
of  any  ohemical  reaction,  generating  electric  current  (expressed, 
as  it  commonly  is,  in  calories),  multiplied  by  the  ampere  equiva- 
lent of  hydrogen ;  or  the  calories  per  gramme  may  be  used  and 
multiplied  by  the  ampere  equivalent  of  the  basic  ion  entering 
into  the  action,  as  in  §  557.    For  example, 

Calories  per  equivalent  hydrogen  *  34462    4*537  3405 
Ampere  equivalent  „  *ooooi022  ~5*cx)95453 

P  =  potential  energy.  "i  "5468858 

(A)  This  gives  us  the  potential  energy  which  we  have 
available  for  charging  upon  the  molecular  chain  in  which  it  is 
to  be  rendered  kinetic.  This  value  if  divided  by  J  gives  us  the 
expression  of  E M  F  in  volts,  as  in  ^§  557  and  559 ;  J  is  in  &ct 
a  unit  expression  or  value  of  P  which  n^s  to  be  reduced  to  this 
unit  in  order  to  give  results  in  amperes  of  current ;  but  J  is  not 
a  volt  of  E  M  F  when  so  employed,  but  a  form  of  the  "  equivolt " 
§  527  reduced  to  the  ampere  equivalent  instead  of  the  gramme 
equivalent  of  §  559,  or  the  grain  equivalent  of  §  526:  that  is,  it 
expresses  enei^  itself,  not  the  E  M  F  to  which  the  energy  is 
equivalent  when  the  existence  of  E  M  F  is  assumed. 

(t)  Now  J  X  A  =  C.  That  is  to  say,  potential  energy  x  by 
the  capacity  for  transformation  s  the  rate  of  conversion  in  the 
molecular  chain  in  which  it  occurs,  such  conversion  being 
effected  by  a  molecular  change  which  we  can  call  a  quantity, 
and  measure  as  current. 

580.  This  mode  of  considering  the  subject  is  exactly  parallel 
with  that  of  §  441,  where  E  x  A  =  C  in  accordance  with  the 
usual  system  of  E  M  F  and  conduction. 

Of  course  this  process  is  not  proposed  as  having  any  importance 
88  to  practical  use,  but  it  shows  that  the  received  formulie, 
however  useful,  are  purely  artificial ;  it  shows  that  the  concep- 
tions of  electromotive  force  and  resistance  are  mere  expressions, 
not^for  facts  or  actual  existences,  but  for  conditions;  and  it 
altogether  disposes  of  the  fictitious  "  contact  force  "  by  showing 
that  pure  energy  accounts  for  all  the  phenomena  which  this 
force  was  invented  to  explain. 
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CHAPTEE  IX. 

ELECTROLTSIS. 

581.  Tho  name  electrolysis  (breaking  up  by  electricity)  is 
given  to  the  process  of  transmission  of  the  electric  cnrrent 
through  liquids,  when  accompanied  by  the  disruption- of  the 
molecules  composing  the  circuit,  the  constituent  radicals  of  the 
molecules  being  set  free  at  the  two  poles. 

The  plates  in  the  decomposition  cells  are  called  electrodes 
(electric  ways) :  the  plate  connected  to  the  +  pole  of  the 
battery,  the  copper,  platinum,  or  carbon,  is  the  anode  (way  up, 
as  carrying  the  current  out  of  the  battery) ;  the  plate  con- 
nected to  the  —  pole  of  the  battery,  the  zinc,  is  the  cathode 
(downward  way). 

The  liquid  undergoing  decomposition  is  the  electrolyte,  Tho 
molecules  of  an  electrolyte  break  up  into  two  radicals,  which 
are  called  torn  (indicating  individuality,  and  in  another  sense 
meaning  going).  These  radicals  or  ions  form  the  two  classes 
described  §  158,  and  illustrated  in  Fig.  43,  p.  122.  Those  ions 
which  turn  towards  the  anode  are  called  anions;  they  are 
electro-negative  or  acid  radicals,  such  as  oxygen,  chlorine,  SO4, 
&c.  Those  which  turn  towards  the  cathode  are  called  cations ; 
they  are  electro-positives  or  basic  radicals,  as  hydrogen  and 
metals.  The  same  ion  may  belong  at  different  times  to  each  of 
these  classes,  if  united  to  one  having  a  higher  individuality  in 
either  direction,  for  there  is  no  direct  attraction  between  the 
electrodes  and  the  ions  themselves,  but  the  relation  depends 
simply  upon  the  temporary  polarity  they  assume  in  the  circuit. 

582.  loTis  or  radicals  may  be  single  atoms,  or  compounds 
wliich  act  as  radicals  chemically,  and  these  may  even  be 
incapable  of  actual  separate  existence,  as  far  as  present  know- 
ledge goes.  HCl  is  an  electrolyte  composed  of  two  single 
atoms ;  in  HjSOi  two  atoms  of  hydrogen  form  one  ion  and  tiie 
compound  radical  SO4  the  other;  this  radical  cannot  exist 
uncombined,  so  that  sulphuric  acid  is  an  electrolyte  only  when 
in  presence  of  something  it  can  react  on,  and  combine  with, 
such  as  water,  although   water  itself  is  not  an  electrolyte. 
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Ammonium  NH4  is  also  a  oompound  ion  strongly  resembling 
potassium  in  its  properties ;  it  also  cannot  exist  free,  but 
breaks  up  into  NH3,  ammonia,  and  H,  giving  an  apparent 
exception  to  the  law  of  equivalence  by  producing  two  free 
substances,  each  equivalent  to  the  current  producing  them; 
but  it  must  be  considered  that  ammonia  is  not  really  a  radical, 
for  NHj  is  a  complete  molecule  of  the  order  described  §  10  (i) 
p.  7,  and  is  not  capable  of  replacing  H  in  salts. 

583.  We  must  regard  the  circuit  as  consisting  of  chains  of 
molecules;  some  metallic,  as  in  the  plates  and  conductors; 
some  liquid,  as  in  the  cells ;  and  the  transmission  of  electricity 
as  consisting  of  a  motion  of  each  molecule  in  the  chain,  accom- 
panied with  the  breaking  in  halves  of  a  molecule  wherever  the 
current  passes  from  metal  to  liquid,  or  vice  versd.  We  shall 
thus  understand  why  there  is  equal  current,  equal  quantity  of 
electricity,  or  equivalent  chemical  action  at  every  section  of 
the  circuit,  as  stated  §  160,  p.  123,  because  there  are  the  same 
number  (or  value,  as  will  be  seen  presently)  of  molecular  actions 
effected  at  every  part,  however  the  molecules  themselves  may 
differ  in  nature.  Each  cell  is,  therefore,  a  section  of  the  con- 
ductor, and  each  has  its  own  specific  resistance  just  as  the  wire 
portion  has.  But  the  cells  are  of  two  orders  in  another 
respect. 

(i)  Oenerating  cells,  in  which  energy  is  set  free  by  chemical 
actions,  and  becomes  electromotive  force,  setting  up  the  current 
as  explained  Chapter  YIII.,  §§  524-554 :  these  are  battery  cells 
and  stand  for  E  in  formulsB. 

(2)  Decomposition  cells,  in  which  energy  is  absorbed  in 
doing  chemical  work.  These  may  be  simple  resistances,  where 
no  ultimate  change  is  made  in  the  solution;  such  are  most 
electro-metallurgical  processes  where  the  same  metal  is  dissolved 
from  the  anode  as  is  set  free  at  the  cathode.  But  if  any  ions 
are  actually  set  free  by  the  current,  they  tend  to  recombine 
and  act  as  a  cell  of  the  first  order  with  their  electromotive 
force  opposed  to  that  of  the  battery,  and  stand  as  ~  e  in 
formulae,  as  in  secondary  batteries  §  262.  The  feeblest  E  M  F 
will  send  a  current  through  the  first  of  these  classes  of  decom- 
position cells,  but  the  second  class  require  an  E  M  F  greater 
than  that  set  up  by  the  action  itself,  or  electrolysis  cannot  take 
place,  for  reasons  explained,  §  599. 

584.  Except  for  this  distinction  of  generating  and  decompos* 
ing  cells,  all  the  cells  are  under  the  same  conditions.  In  each 
cell  there  is  a  -|-  plate  or  element,  the  zinc  in  the  battery  cells 
and  the  anode  in  the  decomposition  cells,  and  if  the  latter  can 
unite  to  the  chlorous  radical  of  the  electrolyte  it  dissolves  just 
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as  the  zino  does  in  the  battery  cells.  In  eaoh  cell  there  is 
the  electrolyte,  which  gives  up  its  chlorous  or  —  ion  at  the  + 
plate,  and  transmits  the  molecular  motion  which  constitutes  the 
current  to  the  —  plate  where  it  also  gives  up  its  -|-  ion.  The  — 
plate  then  continues  as  the  +  pole  or  anode  to  the  next  cell,  and 
ultimately  to  the  —  pole  or  terminal  zinc  of  the  battery  to  com- 
plete the  circuit.  In  fact,  each  pair  of  connecting  plates  in 
separate  cells,  acts  as  though  it  were  a  metallic  partition 
separating  the  two  liquids  with  which  the  plates  are  in  contact 
In  such  a  plate,  or  conducting  partition,  one  side  would  be  -|- 
and  the  other  side  — ,  and  the  two  plates  in  different  cells 
correspond  to  these  two  sides,  united  by  a  connecting  wire 
instead  of  by  the  mass  of  metal  of  a  plate  itself.  It  is  of  the 
utmost  importance  to  bear  in  mind  this  distinction  of  plates  or 
demenU,  related  to  the  liquid  within  their  own  cell ;  and  poleg  or 
electrodes^  related  to  another  cell  and  to  the  direction  of  the 
polarity  they  set  up,  or  the  current  they  transmit,  and  the 
student  should  carefally  study  the  diagram  of  these  actions 
p.  175,  Leaving  out  of  sight  the  distinction  of  cells  as  those 
setting  up  and  those  absorbing  energy,  that  plate  in  each  cell 
which  is  4-  to  its  own  liquid,  or  the  positive  plate  of  the  cell,  is 
the  anode  or  +  electrode  of  ihe  cell  to  which  it  is  connected,  and 
completes  the  circuit  from  the  —  plate  of  this  cell.  Hence  it  is 
that  the  anode  in  the  decomposition  cell  represents  the  zinc  in 
the  battery  cell,  for  like  the  zinc  it  is  -j-  to  uie  liquid,  and  gives 
up  energy  to  the  liquid  (though  that  energy  is  derived  from  the 
current  itself  in  this  cell),  and  like  the  zinc  it  dissolves,  if  made 
of  materials  which  can  combine  with  the  negative  or  —  radical 
of  the  solution.  For  this  reason  some  prefer  to  call  the  anode 
the  zincode. 

585.  Fig.  76  exhibits  these  relations,  in  the  actions  of  a 
Daniell  cell  and  an  ordinary  coppering  arrangement. 

It  shows  the  polarization  set  np  in  the  complete  circuit  from 
the  zinc  in  the  liquid,  with  equivalent  actions  resulting  in  both 
cells,  the  upper  brackets  showing  the  original  arrangement  of 
liquids,  the  lower  ones  the  effect  of  the  action.  At  the  +  plates 
to  the  left  in  each  cell,  zinc  in  the  battery,  the  anode  in  the 
decomposition  cell,  an  atom  of  metal  is  removed  from  the  plate ; 
the  intervening  molecules  transmit  the  action,  and  absorb  the 
ion  originally  united  to  the  first  acid  radical ;  and  in  each  cell, 
at  the  end  of  the  chain  in  contact  with  the  negative  plate  or 
cathode,  there  is  set  free  a  positive  radical ;  in  this  case  copper 
in  both  cells.  This  diagram  is  arranged  to  furnish  several 
illustrations  of  the  laws  of  electrolysis,  and  should  be  studied 
in  connection  with  Fig.  43,  p.  122,  which  more  fally  explains  the 
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ideas  to  be  associated  with  the  ellipses  in  Fig.  76 ;  these  represent 
the  molecules  and  their  constituent  radicals  or  ions,  expressed  also 
in  the  chemical  formulae,  while  the  symbols  +  and  —  show  the 
classes  of  radicals,  +  being  the  cations,  and  —  the  anions ;  their 


Fio.  76. 
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BaUery, 


Deeompo$iHan, 


arrangement  exhibits  the  order  of  polarity  set  up,  while  the 
arrows  show  the  direction  of  the  current  within  the  cells  and  in 
the  outer  circuit. 

586.  The  laws  of  electrolysis  usually  accepted  are  those  of 
Faraday,  who  also  originatea  the  terms  described.    These  laws 


I.  No  elementary  substance  can  he  an  eUdtrotyte, — ^That  is  to  say, 
the  two  ions  must  be  differently  composed. 

II.  ElectrclyeU  occurs  only  while  the  body  is  in  the  liquid  state, — 
This  state  may  be  due  to  either  fusion  or  solution ;  in  the  latter 
case  many  substances  become  electrolytes  by  a  secondary  action, 
which  are  not  so  of  themselves. 

in.  During  eleetrolysis  the  components  of  the  electrolyte  are  resolved 
into  two  groups ;  one  group  taJkes  a  definite  direction  towards  one  of 
the  electrodes^  the  other  group  takes  a  course  towards  the  other 
electrode. — They  turn  towaras  the  several  electrodes  in  polar 
order,  but  are  not  attracted  or  moved  towards  them  by  a  direct 
attraction  of  the  polar  electrodes.  Faraday  held  that  only  sub- 
stances containing  single  equivalents  of  each  radical  could  act 
as  electrolytes,  but  this  is  now  superseded  by  more  general 
conceptions.     See  also  §  533* 

IT.  The  amount  as  weU  as  the  direction  of  electrolysis  is  definite, 

Digitized  by 


360  ELE0TB0LTSI8.  [5^7* 

and  i8  dependent  upon  the  degree  of  action  in  the  haitery,  being  direc&y 
proportional  to  the  quantity  of  el&stricity  in  circulation, — TMb  law  is 
explained  by  §  595,  which  shows  that  "  quantity  of  electricity  " 
means  number  of  equivalent  molecular  actions. 

y .  Those  bodies  only  are  electrolytes  which  are  composed  of  a  conn 
ductor  and  a  non-conductor. — This  addition  of  Miller's  is  useful  to 
remember,  but  can  scarcely  take  rank  as  a  law  or  principle  of 
nature. 

587.  It  is  of  importance  to  learn  what  is  the  quantity  of 
matter  which  constitutes  the  equivalent,  as  it  is  often  considered 
to  be  what  used  to  be  called  the  chemical  equivalent.  If  this 
were  true,  and  if  Faraday's  theory  were  also  true,that  only  mole- 
cules consisting  of  one  equivalent  of  each  radical  are  electrolytes, 
the  old  equivalent  theory  of  chemistry  would  be  almost  im- 
pregnable ;  but  neither  of  these  ideas  is  true.  The  equivalent 
or  lowest  combining  proportion  of  nitrogen  is  14,  that  of 
hydrogen  being  i ;  but  when  pure  ammonia  is  electrolysed,  only 
4I  of  nitrogen  is  given  off  for  one  of  hydrogen.  When  cupric 
chloride  CuClj  and  cupreous  chloride  CujClj  are  electrolysed  in 
series,  the  first  gives  one  equivalent  and  the  second  two  equiva- 
lents of  copper  for  the  same  current  which,  in  the  battery  or 
other  cell,  gives  one  of  hydrogen. 

588.  The  new  atomic  notation  of  chemistry  is  based,  not  only 
on  the  facts  of  chemical  combination,  but  also  on  the  relation  of 
different  substances  to  the  forms  of  crystallization,  and  to  the 
properties  of  isomeric  and  isomorphous  bodies ;  and  this  view  of 
the  constitution  of  matter  also  completely  covers  the  facts  of 
electrolysis.  It  bestows  upon  the  different  atoms  different  com- 
bining powers,  as  the  quantities  represented  by  these  atomic 
weights  can  combine  with,  or  replace,  one  or  more  atoms  of 
hydrogen.  This  property  is  called  the  valency  of  the  atom. 
But  the  atoms  are  not  only  capable  of  entering  into  union  singly 
as  ions,  but  two  (or  more)  of  the  atoms  of  the  same  element  can 
first  unite  ^in  wnich  case  they  usually  condense  a  portion  of 
their  combining  powers)  and  constitute  a  fresh  ion  or  radical, 
having  its  own  proper  valency.  The  theoretical  explanation  of 
this,  known  as  the  doctrine  of  **  atomicity,"  is  given  in  §  6,  p.  3 ; 
but  this  doctrine  is  by  no  means  essential  to  the  comprehension 
of  the  facts,  nor  do  the  laws  derived  from  these  facts  depend 
upon  the  doctrine  of  the  possession  of  atomicities  by  the  atoms. 
These  chemical  relations  nave  been  examined  in  previous  pages 
from  various  points  of  view  as  occasion  required,  but  they  are 
the  basis  of  electrolytic  actions,  and  their  comprehension  is 
essential  in  the  study  of  the  subject  of  this  chapter ;  they  are 
therefore  reviewed  here,  even  at  the  risk  of  some  repetition.     It 
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is,  however,  unneceBsary  to  enter  into  the  subject  of  "  atomicity," 
or  to  consider  whether  that  doctrine  is  true  or  wholly  imaginary, 
or  a  partial  conception  which  may  hereafter  develop  into  a  more 
perfect  theory  by  aid  of  the  revelations  of  the  spectroscope. 
What  we  have  to  do  with  is  the  fact  that  the  sevei-al  weights 
called  under  this  new  system  the  atomic  weights,  do  represent  in 
combination  chemically,  one,  two,  three,  or  more  atoms  of 
hydrogen.  Again,  it  is  a  fact  that  molecules  do  exist  which,  in 
the  gaseous  state,  contain  the  elements  in  these  ratios  by 
volume ;  thus  HCl  hydrochloric  acid,  H^O  water,  H3N  ammonia, 
each  contain  these  relative  volumes  of  H  for  one  volume  of  the 
other  gas :  when  combined  they,  every  one  of  them,  occupy  two 
volumes,  the  same  volume  that  is,  as  the  molecule  of  hydrogen 
HH,  and  these  molecular  volumes  hold,  all  alike,  the  same 
relation  to  energy,  for  they  expand  equally  for  equal  heats  and 
pressures.  All  these  manifold  points  of  agreement  justify  the 
conclusion  that  these  weights  are  the  atoms,  and  that  the  mole- 
cules are  constituted  by  the  union  of  these  different  numbers  of 
atoms.  Valerusy  is,  in  fact,  the  gaseous  volume  combining  ratio  of 
hydrogen  to  other  elements,  or  of  other  elements  to  the  unit 
volume  of  hydrogen,  but  extended  by  indirect  calculations  to 
those  elements  whose  actual  gaseous  volume  cannot  be  directly 
measured.  The  atomic  weight  is  the  weight  of  a  unit  volume 
of  the  elements  in  the  gaseous  condition,  compared  to  that  of 
hydrogen  as  unity. 

589.  As  modem  science  accepts  the  doctrine  that  heat  is  a 
<*  mode  of  motion,"  and  as  motion  implies  space  to  move  in,  it  is 
obvious  that  there  must  be  a  relation  between  heat  and  the 
space  occupied  by  the  moving  particles ;  heat  being  only  one 
form  of  energy,  we  readily  extend  this  relation  to  energy  in  all 
its  forms,  and  therefore,  although  we  are  not  yet  far  enough 
advanced  in  actual  knowledge  to  define  all  the  facts  and  laws, 
we  can  see  very  clearly  that  there  is  in  nature  an  exact  relation 
among  the  weights  of  the  atoms  of  matter,  the  spaces  they  move 
in,  and  the  energy  they  absorb,  that  is  to  say,  between  the 
atomic  weights,  molecular  volumes,  and  intrinsic  energies  of 
substances.  We  can  see  in  fact  that  if,  by  the  agency  of  energy, 
atoms  are  made  to  occupy  a  different  space  from  that  common 
to  them,  they  must  have  new  properties ;  especially  as  there  is 
an  evident  relation  between  this  space  and  the  powers  of  atoms 
to  combine ;  that  is  to  say,  under  these  altered  conditions  of 
energy,  the  valency  (which  is  a  function  of  volume  and  enei^) 
will  be  altered ;  as  a  consequence  we  can  conceive  of  the  exist- 
ence of  two  or  several  compound  substances  containing  the  same 
elements  and  in  exactly  the  same  proportions,  but  owing  to 
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differenoes  of  intrinsic  energy  having  very  different  chemical 
properties,  and  belonging  to  entirely  different  molecular  types. 
This  may  explain  "isomerism"  (equal  measures  of  the  same 
elements  in  different  compounds) ;  it  also  explains  *'  allotropy  ** 
(different  forms  of  the  same  substance),  as  due  to  different 
specific  energies  forming  part  of  the  molecules,  attended  pro- 
l)ably  with  a  different  number  of  atoms  entering  into  the 
molecules,  which  have  consequently  different  physical  proper- 
ties. Carbon,  sulphur,  and  phosphorus  are  well-known  sub- 
stances taking  different  forms,  and  ozone  O3  is  a  modified 
molecule  of  oxygen,  containing  three  atoms  of  0  instead  of  two, 
condensed  to  the  normal  twofold  molecular  volume. 

S90.  BerzeHus's  electro-chemical  theory  (§  518,  p.  317),  which 
long  ruled  chemistry,  assumed  that  each  element  possessed,  as 
part  of  its  constitution,  a  definite  quantity  of  positive  or  negative 
electricity,  which  set  up  the  chemical  attractions  between  them ; 
that  they  united  into  acid  and  basic  radicals,  the  attractions  of 
which  for  each  other  were  due  to  the  excess  of  +  or  —  electricity 
not  neutralized  in  the  primary  act  of  combination :  he  therefore 
drew  up  a  list  of  electro-negative  and  electro-positive  substances. 
It  will  be  seen,  therefore,  that  on  this  view  each  kind  of  molecule 
possessed  different  quantities  of  electricity y  which  are  the  causes  of 
the  varying  degrees  of  affinity.  But  Faraday  distinctly  proved 
that  there  is  a  relation  based  upon  the  equivalent  constitution 
of  matter.  Thus,  if  a  cell  is  set  up,  based  upon  zinc  displacing 
silver  from  its  nitrate,  a  definite  quantitative  result  will  be 
effected  by  the  current ;  if  passed  into  a  copper  solution,  it  will 
reduce  a  definite  quantity  of  copper,  and  the  quantity  will  be 
in  the  ratio  of  the  old  equivalents  of  the  metals — ^i.  e.  for  108 
grains  of  silver  precipitated  in  the  battery,  31  "75  of  copper  will 
be  deposited  in  the  cell.  But  copper  will  precipitate  silver, 
though  with  much  less  force  than  zinc  does,  therefore  it  is  said 
that  a  much  lower  affinity  is  at  work ;  if,  then,  copper  is  used 
for  a  battery  with  a  silver  salt,  a  current  will  be  set  up,  and 
this  current  also  will,  for  the  108  grains  of  silver  in  the  battery, 
deposit  31*75  of  copper  in  the  cell.  Again,  iron  will  throw 
down  the  copper,  and  zinc  the  iron ;  in  each  case  a  lower  affinity 
at  work  in  the  battery  produces  exactly  e^ual  reduction  in  the 
cell,  though  taking  a  longer  time  to  effect  it.  But,  again,  if  we 
place  in  a  series,  cells  containing  different  classes  of  molecules, 
and  pass  a  current  through  all — such  as  salts  of  silver,  copper, 
and  iron — the  same  current  passes  through  them,  and  deposits 
in  each  cell  its  metal  in  the  order  of  its  equivalent,  108  silver, 
3 1  •  75  copper,  28  iron,  for  each  3 2  •  6  of  zinc  dissolved  in  a  cell  of 
the  battery.    Therefore  Faraday  said  that  every  molecule,  no 
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matter  what  its  nature  or  what  the  chemioal  affinity  within  it, 
requires  or  gives  up  the  same  quantity  of  electricity^  and  this  is 


law  IV.  (§  586). 
591.  Ho  '  ' 
both  of  them  are  based  on  truths  ?    Careful  consideration  of  the 


591.  How  shall  we  reconcile  these  two  conflicting  views,  for 


facts  will  show  us  that  Berzelius  based  his  ideas  upon  the  con* 
ditions  set  up  by  "intrinsic  energy,"  while  Faraday's  law  is 
based  upon  the  ''valency"  of  atoms  and  radicals,  and  con- 
sequently upon  the  construction  of  molecules. 

When  we  see  that  electricity  is  a  something  wholly  dependent 
on  the  molecular  constitution  of  matter,  that  it  can  be  trans- 
mitted or  measured  ofdy  by  motions  of  the  molecules,  and  those 
motions  transmitted  along  a  definite  chain  by  the  action  of  one 
molecule  upon  another,  it  is  easy  to  see  that  there  must  be  a 
relation  dependent  upon  the  number  of  molecules  moved  or 
broken  up,  which  relation  we  may,  if  we  please,  call  a  quantity 
or  an  equivalent  of  electricity,  and  so  take  possession  of  Faraday's 
labours. 

When  we  learn  that  energy  is  an  integral  part  of  the 
molecules  of  matter ;  that  the  component  atoms  are  moving  at 
definite  rates,  as  the  spectroscope  shows,  and  that  chemical  com- 
bination is  attended  with  a  reduction  of  that  motion,  and  its 
release  as  external  heat,  or  as  motion  along  a  line  of  polarized 
molecules  in  electricity,  we  see  why  each  such  action  must  give 
up  a  definite  amount  of  energy,  and  why,  according  to  its 
amount,  the  molecular  motion  it  sets  up  (the  "  quantity  ")  shall 
be  slow  or  rapid,  and  therefore  the  stress  set  up  upon  the 
molecular  chain  shall  be  great  or  small  in  the  ratio  of  the 
chemical  affinities  at  work.  Here,  then,  we  take  possession  of 
BerzeHus's  labours,  and  connect  the  two  conflicting  theories  into 
a  more  general  conception. 

592.  What  is  the  quantitative  relation  between  electricity 
and  matter?  Is  it  molecular  or  atomic?  Is  it  dependent  on 
the  atomic  weight  of  the  modem  chemical  notation  ?  or  is  it,  as 
nine  people  out  of  ten  suppose,  dependent  upon  the  old  equiva- 
lent weights  ?  Upon  none  of  these,  and  yet  upon  all  of  them* 
Our  knowledge  is,  in  fact,  not  yet  sufficiently  advanced  to  enable 
us  to  give  a  definite  explanation  of  the  mode  of  relation  between 
electricity  and  the  molecular  constitution  of  matter.  In  Table 
Xm.  (p.  3 1 9)  is  given  a  list  of  the  actual  quantitative  relations ; 
and  a  little  examination  of  some  of  the  relations  of  matter  and 
ener^  may  throw  some  new  light  both  upon  the  cause  of  these 
relations  and  upon  the  chemical  constitution  of  substances. 

593.  The  elements  combine  with  each  other  in  exact  definite 
ratios,  and  those  ratios,  as  was  stated  above,  ha:!^e  a  twofold 
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aspect :  (i)  the  weight  of  matter  involved ;  (2)  the  measures  in 
the  gaseous  states.  The  atomic  weights  now  adopted  (Col.  III. 
of  Table  XIII.)  combine  both  these  aspects;  they  are  the 
weights  of  those  measures  which  equal  in  volume  one  weight  of 
hydrogen.  Some  substances  cannot  be  so  measured,  and  the 
figure  is  arrived  at  indirectly ;  some,  again,  are  experimentally 
exceptions ;  they  may  be  half  or  double  measures  when  actually 
compared  as  elements,  and  yet  when  entering  compounds  they 
agree  with  the  accepted  figures.  This  requires  explanation : 
why  is  a  law  to  be  accepted  as  universal  when  experiment  shows 
us  there  are  exceptions  ?  Experiment  is  the  foundation  of  all 
knowledge,  but  the  deductions  from  experiment  must  be  broad ; 
they  must  be  based  upon  the  spirit  not  upon  the  letter  of  the 
replies  which  nature  gives  to  our  questions.  When  several 
different  experiments  appear  at  first  to  differ  in  their  teachings, 
it  is  our  duty  to  see  if  we  cannot  find  some  broader  road  to 
knowledge  of  which  these  are  several  byways.  The  relatione 
of  energy  to  matter  vary  in  different  physical  states,  and  in  the 
one  physical  state  of  gas  they  vary  according  as  we  recede  from 
the  point  at  which  the  gas  becomes  a  liquid,  that  which  is  com- 
monly called  the  boiling  point.  Yet  through  all  these  varia- 
tions we  see  a  fundamental  law  of  nature  (the  law  of  Boyle  and 
Mariotte,  Dulong  and  Petit) ;  the  relation  of  energy  to  matter 
as  gas  is  definite — equal  heats,  equal  pressures,  produce  equal 
expansion  and  contraction.  The  variations  are  due  to  the  im- 
perfect gaseous  condition,  and  our  inability  to  compare  all  bodies 
at  the  proper  point  at  which  nature  fixes  that  relation ;  there- 
fore in  our  experiments  we  employ  part  of  the  energy  we  use  in 
carrying  out  some  other  kind  of  relation  as  well  as  the  particular 
one  we  wish  to  examine ;  that  is  to  say,  we  do  internal  mole- 
cular work,  variable  in  quantity  with  each  substance.  The 
remedy  is,  to  arrive  as  far  as  possible  at  the  knowledge  which 
each  experiment  gives  in  one  direction,  and  then  to  accept  the 
general  teachings  to  be  derived  from  many. 

594.  It  is  upon  this  principle  that  we  may  regard  the  accepted 
atomic  weights  as  representing  the  abstract  unit  gas  volumes  of 
the  several  atoms,  and  two  such  unit  atomic  volumes  as  the  unit 
molecular  volume,  into  which  nature  compresses  all  the  atoms 
of  which  she  builds  up  every  molecule  of  known  substances. 
But  these  atoms  do  not  combine  in  mere  pairs.  One  volume  or 
atom  is  equivalent  to,  or  can  combine  with  or  replace,  one,  two, 
three,  or  more  atoms  or  unit  volumes  of  other  elements ;  yet 
when  so  combined — no  matter  how  many  volumes  enter  into 
union— they  condense  down  to  ttoo  volumes,  as  shown  §  588, 
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This  is  80  universal  that  we  are  bound  by  the  principles  of 
honest  reasoning  to  recognize  that  the  apparent  exceptions  are 
due  to  the  different  conditions  of  energy  to  which  we  are  com- 
pelled to  expose,  in  order  to  compare,  them.  Taking,  then,  the 
unit  volume  of  hydrogen,  the  lightest  substance  and  the  most 
perfect  gas  (therefore  the  simplest  known  substance  in  its 
relation  to  energy),  as  our  base,  we  class  atoms  as  equivalent 
to  one,  two,  three,  four,  <fec.,  atoms  of  hydrogen,  and  call  this 
relation  the  valency  of  the  atoms.  Some  substances  are  capable 
of  possessing  several  different  valencies  ;  thus  copper,  a  bivalent 
atom,  unites  with  chlorine,  a  univalent  element,  as  CuCl* ;  but 
it  also  unites  with  it  as  Cu«Cl,.  We  know  that  each  atom 
is  not  mere  matter ;  energy  is  also  part  of  its  essence ;  the  atom 
is  a  vibrating  body,  and  the  space  it  occupies — ^its  unit  volume 
— depends  on  this  motion ;  we  have,  then,  the  ri^ht  to  conclude 
that  copper  can  part  with  some  of  this  intrinsic  energy,  that 
two  ordinary  atoms  can  condense  into  one,  and  will  then  re- 
present matter  and  energy  constituting  one  atom,  occupying 
one  abstract  unit  gas  volume,  and  having,  in  its  relations  to 
other  atoms  and  to  energy,  the  value  of  one  atom  only  (and  all 
those  properties,  chemical  and  physical,  which  nature  has  con- 
nected with  the  unit  or  atomic  gaseous  volume),  but  capable  of 
again  absorbing  energy,  and  so  reconstituting  two  atoms. 

595.  Now  energy,  in  the  form  of  electricity,  is  related  to  the 
atoms  and  molecules  in  a  manner  which  links  together  these 
other  relations.     This  relation  can  be  formulated  as. 

Atomic  weight         i     .  .  •     i     x 

— :spj 2 —  =  electric  equivalent. 

We  can  therefore  give  to  Faraday's  "  quantity,"  or  "  equivalent 
of  electricity,"  a  definite  value  accordant  with  the  chemical  con- 
stitution of  matter;  it  is  that  action  which  will  release  one 
univalent  atom  or  radical,  elementary  or  compound ;  that  is  to 
say,  it  passes  along  one  of  the  links  by  which  molecules  are 
constituted,  as  represented  in  Fig.  43,  p.  122  ;  in  so  doing  it 
acts  upon  and,  in  chemical  action,  releases  the  unit  radical,  and 
exerts  a  definite  magnetic  action  externally  by  means  of  the 
inductive  conditions  it  sets  up  in  surrounding  bodies.  To  define 
its  electrolytic  action  still  more  strictly,  it  will  release  one 
univalent  radical,  which  radical  may  be  a  single  atom,  or  may 
be  built  up  of  many  atoms  of  any  valency  brought  into  that^state 
which  corresponds  physically  and  in  its  relation  to  energy 'with 
the  unit  gas  volume  and  single  valency.  This  unit  of  elec- 
tricity, measured  on  a  grain  system,  is  that  used  in  this  work, 
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viz.  the  equivalent  of  one  grain  of  hydrogen.  Each  molecule, 
therefore,  acts  in  the  electric  circuit  as  though  it  were  bo  many 
molecules  as  would  represent  the  '^  valency  "  of  the  two  radicals 
or  ions  into  which  it  breaks  up.  How  or  why  this  relation 
exists  our  present  knowledge  does  not  enable  us  to  explain,  but 
that  this  is  the  true  relation  of  electricity  to  matter  is  certain, 
for  this  law  oovers  all  the  known  facts,  all  the  exceptions  to 
the  common  accepted  laws  of  electrolysis  (§  586);  but  we  can 
see  that  it  is  probably  connected  with  the  unit  atomic  gaseous 
relation  of  matter  and  energy,  extended  into  all  other  physical 
conditions. 

596.  But  electrolytes  have  another  relation  to  electricity 
besides  that  of  current  equivalent.  A  true  electrolyte,  setting 
free  its  two  radicals,  requires  a  definite  force  exerted  upon  i^ 
variable,  not  as  before,  by  classes,  but  with  every  single  sub- 
stance according  to  the  strength  of  what  is  called  the  chemical 
affinity  of  the  two  ions. 

If  we  set  up  a  battery  and  a  certain  resistance,  a  given  current 
will  pass;  extra  resistance  will  diminish  the  current,  but  no 

B 
amount  of  resistance  will  quite  stop  it :  an  amount  -7  z=  0  will 

always  pass.  If  we  set  up  a  battery  which  wiU  just  pass 
current  tnrough  a  solution  of  iodide  of  potassium,  and  then  sub- 
stitute for  this,  dilute  sulphuric  acid,  no  electrolytic  current 
will  pass  at  all ;  the  decomposition  cell  is  not  a  mere  resistance, 
but  as  soon  as  it  is  polarized  it  is  a  counier^dedromoiiw  force 
(§  265),  and  is  expresised  in  formulae  as  —  «.  This  is,  in  fact, 
only  an  illustration  of  the  fandamental  law  of  nature  that  action 
and  reaction  are  always  equaL  If  we  pull  on  a  rope  fixed  to  a 
post,  the  post  resists  us,  and  the  strain  on  the  rope  at  the  post 
exactly  equals  that  at  the  other  end;  spring  balances  at  the 
two  points  would  show  the  same  puU  in  opposite  directions. 
So  when  chemical  affinity  is  exerted  in  combination,  it  sets  up 
an  E  M  F  in  one  direction,  a  stress  on  the  polar  chain ;  if  de- 
composition occurs,  the  radicals  set  free  absorb  an  equivalent 
energy,  and  act  as  an  EMF  in  the  opposite  polar  direction, 
that  is,  as  a  —EMF.    Therefore  it  is  that  to  e£fect  decom- 

rltion  against  any  chemical  affinity,  the  EMF  exerted  must 
somewhat  greater  than  the  —  E  M  F  set  up,  or  no  action 
can  occur  at  all ;  upon  the  degree  of  excess  will  depend  the  rate 
of  action.  To  ascertain,  therefore,  the  amount  of  electrolysis 
which  can  be  efiEected  by  any  battery,  and  under  any  conditions 


F  .—  fl 
of  resistance,  the  formula  is  — — —  s  C. 
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507.  If  E  and  e  are  expressed  in  volts,  according  to  the  system 
explained,  §§  153  to  256,  B  being  the  total  resistance,  metallic 
and  liquid  of  the  circuit,  0  will  be  a  figure  which,  multiplied 
by  5  •  68  to  bring  it  to  "  chemics,"  and  by  the  proper  figure  in 
Ool.  VI.,  Table  XIII.,  p.  319,  will  give  the  actual  weight  in 
grains  set  free  in  ten  hours'  action. 

This  formula  can  be  extended  into  giving  actual  results.  If 
If  is  the  electric  equivalent  of  the  substance  set  free,  h  a  con- 
stant representing  the  hydrogen  value  of  the  ampere  current, 
that  is  for  grains  0*000158,  for  grammes  0*00001022,  and 
equivalent  figures  for  ounces,  pounds,  <&c.,  E,  force  in  volts, 
B,  resistance  in  ohms,  <,  time  in  seconds,  and  W  the  quantity, 
or  work  done, 

W  =  *^         (E  =  B  -  e) 

598.  There  are,  however,  two  ways  of  looking  at  the  action 
wMch  goes  on  in  a  decomposition  cell  forming  part  of  an  electric 
circuit,  (i)  We  may  regard  the  solution  as  a  conductor,  toans- 
mitting  current  exactly  in  proportion  to  its  resistance.  (2)  We 
may  regard  the  solution  as  a  dielectric,  and  the  electrodes  as 
condenser  plates  which  we  can  charge  up  to  a  certain  potential 
at  which  the  dielectric  breaks  down.  Each  of  these  views  is 
true,  and  it  is  only  by  combining  them  that  we  can  obtain  a 
complete  conception  of  the  conditions.  Treating  the  ceU  as  a 
oondenser,  we  may,  in  fact,  see  in  it  the  conditions  of  static 
charge  explained  §  40,  and  the  electrodes  correspond  to  the 
plates  in  Fig.  25,  p.  70;  or  regarding  the  anode  as  a  surface 
taking  a  +  charge,  we  get  fresh  light  upon  the  conditions 
illustrated,  Fig.  12,  p.  ^j.  In  f&ct,  we  give  the  electrodes  a 
charge,  the  degree  of  which  will  depend  upon  (i)  the  electro- 
motive force  of  the  battery ;  (2)  the  inductive  capacity  of  the 
interposed  liquid ;  (3^  the  relation  the  resistance  of  the  cell 
bears  to  the  total  resistance  of  the  circuit.  This  view  holds 
good  for  all  Hquids  (as  also  for  all  substances  whatever), 
electrolytes  or  not. 

599.  But,  in  a  condenser,  the  dielectric,  though  it  does  not 
transmit  current,  or  only  slowly,  is  polarized  statically  in  the 
same  direction  as  though  currents  were  passing,  and  each 
charge,  each  act  of  polarization  that  is,  absorbs  so  much  energy 
as  the  inductive  cajM^city    can    take  up,  and  necessitates  a 

{>roportional  consumption  in  the  battery ;  that  is,  each  equiva- 
ent  chain  to^  be  polarized  requires  an  equivalent  of  action  in 
the  battery,  and  will  consequently  show  a  corresponding  current 
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(or  molecular  revolution)  in  the  connecting  wires,  <fec.     We  may, 
therefore,  picture  the  conditions  thus  — 


I. 
2. 


+ 
Anode 

+ 


Pole  + 
3.  Plate  - 


Decomposition  CelL 


Battery  Cell. 


Cathode  i. 

-  Pole. 
+  Plate  3. 


The  first  line  shows  the  static  conditions  as  a  condenser ;  the 
second,  the  result  of  electrolysis ;  and  the  third,  the  polar  con- 
dition of  the  battery.  We  see  here  that,  regarding  the  battery 
as  the  source  of  energy,  it  polarizes  the  c<mtents  of  the  cell 
(i  and  2),  and  so  completes  a  circuit;  but,  looking  at  the  cell 
itself  as  a  reacting  source  of  electromotive  force,  we  see  that  tn 
either  case  the  cell  produces  a  stress  in  a  direction  opposite  to 
that  of  the  battery  itself  and  the  diagram  fthows  us  why,  (i)  as 
a  condenser,  by  giving  up  the  energy  stored  up  as  charge,  by 
the  strain  upon  the  brackets  or  molecular  affinities,  which  act 
like  strained  springs,  or  any  other  mechanical  reaction  which 
absorbs  and  then  gives  up  energy;  (2)  by  the  tendency  to 
reunion  of  the  freed  ions,  which  act  upon  each  other  through 
the  liquid  just  as  they  do  in  a  battery  when  an  acid  and  alkali 
are  separated  by  a  porous  division,  §  245,  p.  165.  Either  of 
these  actions  will  tend  to  make  the  anoae  positive,  as  will  be 
seen  by  the  order  of  the  symbols  +  and  —  ;  as  the  battery 
does  the  same,  the  effect  is  that  of  two  cells  in  multiple  arc  or 
"  coupled  for  quantity  "  ;  and  all  the  actions  tend  to  convert  the 
prolongation  upwards  of  the  electrodes  into  +  and  —  poles. 
The  battery  and  decomposition  cell  are,  therefore,  identical  in 
principle  with  two  cells  with  similar  poles  opposed,  and  no 
current  can  pass  unless  the  electromotive  force  of  the  one  cell 
(the  battery)  exceeds  that  of  the  other  cell  (the  electrolyte). 

600.  Polarization  of  Plates. — '1  his  is  the  very  confaaing 
name  given  to  the  condition  just  described  which  sets  up  a  — 
EMF.  It  was  at  first  supposed  that  the  plates  themselveB 
were  electrically  charged  and  rendered  polar  or  -|-  and  — ,  and 
the  name  has  been  retained  and  adds  to  the  variety  of  meanings 
attached  in  science  to  the  word  "  polarization."    This  action  is 
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the  basiB  of  the  secondary  batteries,  and  is  fully  explained 
p.  172. 

601.  Counter  BMF. — ^It  is  generally  believed  that  this  is 
not  produced  when  plates  of  metal  are  electrodes  in  a  solution 
of  the  same  metal,  as  in  coppering.  This  is  not  correct.  It  is 
evident  that  the  plates  cannot  be  in  the  same  solution,  because 
the  action  itself  produces  concentration  at  the  anode  and  im- 
poverishment at  the  cathode.  I  have  found  that  this  generates 
a  small  —  E  M  F  and  that  the  copper  deposited  in  a  decom- 
position cell  worked  by  a  Daniell  cell  is  never  quite  equal  in 
quantity  to  the  copper  deposited  in  the  battery  if  worked  with 
a  wire  having  equal  resistance  to  the  decomposition  celL  I  find 
this  -  E  M  F  about  -02  of  a  volt. 

602.  But  M.  Lossier  has  shown  that  there  is  another  source 
of  —  E  M  F ;  that  the  mechanical  energy  absorbed  in  the  action 
produces  this  as  it  does  in  magnetizing:  he  states  that  ''a 
current  traversing  any  electrolyte  develops  a  —  E  M  F  equal  to 
the  square  root  of  the  current  and  the  resistance":  that  is, 
e  =  VCr.  This  is  in  addition  to  that  due  to  the  chemical 
energy  of  any  decomposition. 

603.  The  electrodes  of  a  cell  are  not  necessarily  metals. 
When  two  liquids  are  separated  by  a  porous  diaphragm,  the 
surfaces  of  the  liquids  in  contact  act  as  electrodes  to  each  other, 
and  the  precipitation  may  occur  there  just  as  happens  at  a 
plate.  A  series  of  liquids  may  be  connected  in  this  manner, 
and  current  passed  through  the  whole.  The  examination  of 
what  happens  in  this  case  will  dear  away  many  very  common 
misconceptions.  Thus,  it  is  often  said  that  '*  ions  can  be  trans- 
mitted through  materials  for  which  they  have  a  strong  chemical 
aflSnity  without  combining  with  them."  Now  this  is  not  the 
case.  No  ion  can  be  so  transmitted.  The  illustration  usually 
employed  represents  three  connected  liquids — sulphate  of  soda, 
infusion  of  litmus,  and  water.  After  a  time  sulphuric  acid  is 
found  in  the  water,  and  it  is  considered  that  it  must  have 
passed  through  the  litmus  solution,  yet  it  has  not  coloured  it. 
But  what  has  occurred  is  quite  different.  Not  sulphuric  acid, 
but  neutral  sulphate  of  soda,  has  traversed  the  solution,  by 
simple  endosmose.  Until  this  endosmose  has  brought  some  of 
the  salt  over  no  acid  would  be  released,  nor  would  any  current 
pass  at  all  unless  some  saline  substances  were  in  the  water. 
But  if  in  any  intermediate  solution  there  is  a  chemical  affinity 
for  one  of  the  ions,  capable  of  producing  a  precipitate,  that  ion 
will  never  pass  across  the  solution.  Suppose  there  are  four 
solutions,  common  salt  at  the  cathode,  sulphate  of  soda  next, 
then  nitrate  of  silver,  and  again  sulphate  of  soda — no  particle 

Q     -a 
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of  chlorine  would  ever  find  its  way  to  the  anode,  bnt  snlphttric 
acid  would  be  set  free  there;  any  chlorine  which  either  by 
endosmose  or  by  electrolytic  transfer  reached  the  silver  ceU 
would  there  be  at  onoe  precipitated.  What  really  occurs  is  a 
constant  interchange  of  the  ions  between  oontiguous  molecules 
along  the  polar  chain,  so  that  when  this  is  composed  of  different 
electrolytes  in  contact,  the  different  constituent  ions  are  soon 
distributed ;  but  whenever  in  the  course  of  this  distribution 
two  ions  come  together  which  have  a  mutual  affinity  great 
enough  to  cause  an  ordinary  chemical  combination,  they  become 
insoluble,  and  drop  out  of  the  polar  chain.  Faraday  proved 
this  b^  decomposing  sulphate  of  magnesia  in  contact  with 
water  in  strata  one  above  the  other,  and  with  precautions  to 
prevent  disturbance  by  gas :  no  magnesium  found  its  way  to  the 
cathode,  but  on  entering  the  water  it  formed  a  film  of  magnesia 
in  the  middle  of  the  liquids  at  the  line  of  junction,  which 
served  as  electrodes  to  the  separated  liquids. 

604.  To  understand  the  chemical  actions  effected  by  the 
current,  it  is  necessary  to  examine  them  first  in  a  pure  electro- 
lyte, a  single  substance :  and  most  of  these  have  to  be  liquefied 
by  fusion.  A  good  example  is  chloride  of  silver  with  silver 
electrodes:  the  silver  adheres  to  the  cathode  and  the  anode 
dissolves  away,  maintaining  the  chloride  of  silver  constcmt. 
This  is  Direct  Electrolysis.  With  a  very  large  number  of 
substances  in  aoluiion,  a  different  kind  of  action  occurs,  which  is 
called  Secondary  Electrolysis.  I  will  give  the  usual  explanation 
of  this  first,  and  then  show  a  principle  which  explains  it  more 
perfectly  and  in  better  accord  with  the  principles  of  the  electric 
current. 

605.  If  we  electrolyze  a  solution  of  sodium  chloride  NaCl,  we 
obtain  01  at  the  anode ;  at  the  cathode  we  do  not  obtain  Ka,  but 
we  have  instead  of  it  H,  hydrogen,  in  the  proper  equivalent 
proportion  :  in  the  solution  we  have  an  equivalent  also  of  caustic 
soda  NaHO.  But  if  we  electrolysee  sodium  sulphate  Na,S04,  we 
obtain  at  the  anode  an  equivalent  of  oxygen  O,  and  also  an 
equivalent  of  free  sulphuric  acid  HsS04,  while  at  the  cathode 
we  have  the  same  as  in  the  case  of  liie  chloride ;  we  have, 
therefore,  in  this  case  apparently  two  equivalents  of  substances 
set  free  for  one  equivalent  of  current.  The  explanation  given 
is  this:  if  we  add  sodium,  Na,  to  water,  we  decompose  the 
water,  we  produce  NaHO  caustic  soda,  and  H  as  free  hydrogen. 
Therefore,  when  we  decompose  NaCl,  we  actually  set  free  Na  in 
presence  of  water,  which  is  then  decomposed  by  secondary  or 
purely  chemical  action.  In  the  case  of  the  sulphate  we  also  set 
free  at  the  anode  (or  render  nascent)  SO4  a  radical  which  cannut 
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exist  separately,  but  which  likewise  acts  upon  water,  H^O,  forms 
HtS04,  and  sets  free  O  oxygen,  also  by  a  secondary  chemical 
action.    We  may  picture  the  reaction  thus : 


Anode  +(S04   Na,  80^  Na,  SO^  Na  Na   )-  Cathode. 
I H,^  ^-^ '  HO  HOJ 

H    H 


of 


The  upper  row  of  brackets  show  the  original  molecules  of 
l^&^O^j  of  which  the  end  ones  break  up  and  react  upon  the 
water,  which  does  not  enter  the  polar  electric  chain.  It  should 
be  noted  that  we  have  here,  as  in  §  382,  an  apparent  production 
of  two  equivalents  for  one  equivalent  of  electricity,  as  we  have 
at  the  anode  an  equivalent  of  free  acid  generated,  and  also  0  set 
free,  as  at  the  cathode  we  have  free  caustic  soda  and  H  as  gas. 
If  this  explanation  were  true,  the  E  M  F  required  would  be  that 
of  composition  of  NasSO^,  and  that  is : 

NaO  by  Table  XIII.  14593     foot-pounds 

NaO  H-  SO,,  by  Table  XIV.  3 1 39 

4673  )  17732  =  volts  3  "8 

There  would  also  be  heat  produced  in  the  liquid  equal  to  that 
of  the  action  of  sodium  on  water.  Now  we  know  that  an  E  M  F 
of  I  *  ^  volts  is  sufficient  to  jaift  set  up  the  action,  and  that  this 
heat  IS  not  generated.  To  understand  what  really  occurs,  and 
so  get  rid  of  the  complication  of  direct  and  secondary  electro- 
lysis, we  must  distinguish  between  the  actions  in  the  body  of 
tne  liquid,  and  those  which  occur  at  the  electrodes. 

606.  Hie  action  in  the  body  of  the  Uguid  consists  of  molecular 
motions  transmitting  the  current,  and  the  interchange  of  ions 
among  themselves  as  they  happen  to  meet  with  others  capable 
of  combining  with  them.  These  actions  are  entirely  of  the 
nature  of  reeistance  (except  as  explained  §§  601-2)  :  the  current, 
therefore,  will  divide  itself  among  any  number  of  mixed  electro- 
lytes as  among  different  wires,  in  the  order  of  their  resistance ; 
therefore,  in  an  ordinary  coppering  solution  containing  a  good 
deal  of  free  acid,  the  current  will  be  carried  mainly  by  the  acid, 
because  the  conductivity  of  sulphuric  acid  i  to  1 1  of  water  is 
16  times  as  great  as  that  of  sulphate  of  copper. 

607.  At  the  electrodes  there  is  a  selective  power, — ^This  is  not 
based  on  resistance,  but  solely  upon  the  ratios  of  electromotive 
force  absorbed  in  supplying  the  requisite  energy.  If  several 
anions  are  in  contact  with  the  anode,  that  one  will  be  set  free 
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whose  intrinsic  energy  is  lowest ;  hence  in  dilute  hydrochloric 
acid,  <fec,,  chlorine  is  selected  because  its  energy  with  hydrogen 
is  only  4721  foot-pounds,  while  the  other  anion  present,  oxygen, 
requires  6841  foot-pounds.  (See  Table  XIII.  p.  319.)  If  the 
anode  is  soluble,  that  anion  would  be  selected  whose  intrinsic 
energy  is  highest  when  combining  with  the  anode,  as  then  it 
would  contribute  energy  to  the  polar  circuit  as  +  B  M  F  (both 
these  statements  are  subject  to  limits  which  will  be  considered 
presently).  At  the  cathode  a  similar  selective  action  occurs: 
thus,  if  a  copper  solution  contains  iron,  copper  only  will  be 
reduced,  because  the  —  E  M  F  of  copper  is  only  i  •  26  volts 
(Table  XV.  p.  322),  while  that  of  iron  is  2*07 ;  for  this  reason 
hydrogen  is  not  released  in  presence  of  metallic  salts,  except 
when  their  specific  energy,  or  —  E  M  F,  approaches  nearly  to 
that  of  hydrogen,  or  under  a  great  excess  of  E  M  F.  Hence  in 
depositing  nickel  or  iron,  hydrogen  is  always  given  off,  despite 
of  Smee's  law  to  the  contrary.  The  principles  I  am  laying 
down  show  us  why.  The  —  E  M  F  of  iron  is  2  •  07,  and  that  of 
hydrogen  is  only  i  -9,  nearly  the  same. 

608.  It  is  probable  that  there  are  cases,  however,  in  which  a 
true  sficondary  or  chemical  reaction  occurs.  Such  are  those  actions 
in  which  no  direct  ton  is  released  from  a  broken-up  molecule ; 
but  a  complete  molecule  has  a  part  of  its  constituents  removed 
or  substituted,  or  extia  atoms  (forming  the  true  ion  released) 
are  added  to  it.  Such  an  action  occurs  at  the  cathode  when 
nitric  acid  is  present  there ;  the  nascent  hydrogen  reacts  upon  it 
in  manners  varying  with  the  rate  of  current  and  the  concentra- 
tion of  the  acid ;  if  this  is  weak,  hydrogen  is  given  off.  In 
other  cases  the  acid  is  reduced  more  or  less  by  the  hydrogen 
removing  one  or  more  atoms  of  oxygen  ;  if  the  action  is  strong, 
a  part  of  the  acid  HNO,  is  even  wholly  reduced,  the  oxygen  is 
substituted  by  hydrogen,  and  the  radiosil  ammonium  is  formed, 
which  unites  with  another  atom  of  acid  to  form  nitrate,  thus : 

HNO!  +  8H  =  NH,  NO,  +  3H.O. 

609.  A  corresponding  action  may  occur  at  the  anode  by  the 
power  of  nascent  oxygen  or  chlorine.  On  this  account  it  is 
dangerous  to  electrolyze  a  strong  solution  of  sal  ammoniac 
(ammonium  chloride) ;  and  I  select  this  example  because  it  is 
an  experiment  very  likely  to  be  made;  it  decomposes  into 
ammonium  NH4,  which  breaks  up  into  NH,  -|-  H  at  the  cathode, 
and  01  at  the  anode,  and  the  chlorine  partially  reacts  upon  the 
salt  and  forms  drops  of  chloride  of  nitrogen,  a  violent  and 
unmanageable  explosive :  thus  NH4CI  +  601  =  4HCI  +  NCI,. 


6 1 3.]  OEKSBAL  LAW  OF  EL10TBOLT8I8.  873 

I  give  this  formula  for  simplicity  sake,  but  no  one  knows  what 
cmoride  of  nitrogen  is.  Some  consider  that  it  is  really  HC1«N, 
GUN,  bnt  its  analysis  presents  no  great  inducements  and  a 
great  many  difficulties.  But  while  these  actions,  which  are 
producible  by  ordinary  chemical  reactions,  may  be  regarded  as 
secondary  actions  of  substances  set  free,  it  is  more  likely  (and 
more  in  accord  with  the  general  facts)  that,  in  most  cases,  the 
molecules  reacting  are  actually  ranged  in  the  polar  electric 
circuit,  and  that  the  actions  are  effected  under  the  influences 
exerted  by  the  current.  We  may  therefore  substitute  for  the 
confusing  ideas  of  direct  and  secondary  action  the  following  new 
definition,  which  will  embrace  all  the  facts. 

6io.  General  Law  of  Electroltsis.— J<  the  electrodes  those 
substances  are  set  free  which  absorb^  in  becoming  frecy  the  lowest 
intrinsic  energy. 

That  is  to  say,  at  the  point  where  the  current  enters  or  leaves 
the  electrolyte,  any  neighbouring  molecule,  whether  an  electrolyte 
or  not,  will  be  ranged  in  the  polar  circuity  provided,  either  that  one 
part  of  it  can  unite  with  the  true  ton  turned  towards  the 
electrode  and  the  other  part  can  form  a  free  molecule,  absorbing 
from  the  circuit  less  energy  than  the  ton  of  the  true  electrolyte 
would  require  in  order  to  become  free,  or  that  the  true  ion  can 
be  introduced  into  this  other  molecule  at  a  less  expense  of 
energy  than  would  be  needed  to  enable  it  to  constitute  a  free 
molecule.  The  substances  set  free  may  be  thus  formed  afresh 
out  of  materials  in  contact  at  the  electrodes,  not  merely  separated 
as  ions  or  radicals  from  previously  existing  molecules,  although 
this  latter  is  the  fundamental  type  and  general  action  of 
electrolysis. 

6ii.  This  new  conception,  it  will  be  seen,  establishes  an 
analogy  between  the  effects  of  electricity  in  electrolysis,  and 
those  of  heat  in  destructive  distillation.  As  in  this  last  case 
the  substances  arranee  themselves  in  new  forms  suited  to  the 
forces  existing  in  the  retorts  as  degrees  of  temperature,  so 
in  the  decomposition  cell  they  arrange  themselves  in  forms 
suited  to  the  forces  existing  as  degrees  of  electric  tension  or 
electromotive  force. 

6 1 2.  Since  this  work  was  first  published,  M.  Berthelot  has 
formulated  a  general  law  of  chemistry,  which  he  calls  the 
principle  of  maximum  work :  that  is  to  say,  when  substances 
react  upon  each  other,  that  action  occurs  which  sets  free  most 
heat;  it  is  this  principle  which  underlies  all  the  actions  treated 
of  in  the  chapter  on  electromotive  force,  and  it  is  evident  that 
M.  Berthelot's  law  of  maximum  work  is  the  converse  of  the 
general  law  of  electrolysis  which  I  have  formulated. 
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613.  Mixed  Electrolytes. — ^In  §  459  it  is  shown  that  when 
several  paths  are  open  to  the  current,  it  divides  itself  among 
them  all  in  the  inverse  ratios  of  their  several  resistances. 
Every  conductor  is,  in  fact,  a  system  of  such  "  derived  circuite," 
as  the  unit  conductor  is  the  single  chain  of  univalent  molecules. 
Fig.  72,  p.  299,  shows  that  in  liquids  every  part  is  polarized, 
and  forms  a  system  of  derived  circuits,  of  unequal  resistanoe, 
from  every  part  of  one  electrode  to  every  part  of  the  other 
electrode,  and  as  a  consequence  every  portion  of  the  liquid  in 
the  cell  carries  a  part  of  the  current  proportioned  to  the  lines  of 
resistance  in  which  it  enters ;  but  this  relates  only  to  the  true 
resistance  to  conduction,  §  606.  The  conditions  are  quite 
different  when  the  different  "derived  circuits,"  or  paths  for 
current,  are  different  electrolytes ;  those  conditions  will  also  be 
very  different  when  the  electrolytes  are  in  different  cells,  and 
when  they  are  mixed  in  one  vessel. 

614.  As  a  consequence  of  the  balancing  of  electromotive 
forces,  when  a  current  enters  a  mixture  of  electrolytes  and 
passes  along  them  in  the  ratio  of  the  resistances,  it  also  decom- 
poses them  in  the  order  of  their  electromotive  forces.  We  have 
seen,  §  596,  that  it  will  act  on  none  whose  —  E  M  F  exceeds  the 
potential  to  which  the  electrodes  can  be  raised,  as  shown  on  an 
electrometer  connected  to  the  two  electrodes ;  yet  it  may  do  so 
apparently.  It  may  at  one  electrode  select  one  ion  alone,  and 
at  the  other  either  an  ion,  originally  forming  part  of  the  same, 
or  of  a  different  electrolyte ;  or  it  may  release  several  and  redis- 
tribute the  other  constituents.  It  will  release,  first,  at  each 
electrode,  such  ions  as  take  up  least  energy,  whether  they  oiiginally 
formed  part  of  the  same  electrolyte  or  not.  If  the  potential  is 
raised  much  beyond  the  point  needed  for  this,  ions  requiring 
more  energy  will  be  released,  in  ratios  dependent  largely  upon 
the  quantities  present,  and  in  contact  with  the  electrodes. 

615.  Electrolytes  in  derived  Circuits. — If,  instead  of  going 
through  a  mixture  of  several  electrolytes,  the  circuit  is  divided 
into  several  branches,  or  derived  circuits,  with  a  decomposition 
cell  in  each  bmnch,  containing  electrolytes  of  different  —EM 
Forces,  then  a  different  set  of  conditions  will  arise.  The  result 
will  be  governed  by  the  laws  of  derived  circuits,  but  with 
modifications  due  to  the  presence  of  these  varying  opposing 
electromotive  forces.  Let  Fig.  77  represent  three  such  derived 
circuits  (i)  containing  sulphuric  acid  with  a  copper  anode,  with 
a  —  EMF  =  '534;(2)  Hydrochloric  acid  which  gives  off  HCl, 
the  force  of  union  of  which  being  4523  foot-pounds  =  '968 ;  (3) 
Sulphuric  acid  with  platinum  electrodes  —  E  M.  F  =  i  '464.  If 
these  figures  were  resistances,  the  common  current  woula  divide 
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itself  between  the  lines  in  the  opposite  ratio,  and  if  each  were 
measured,  and  the  common  current  were  measured  also  in  A, 
the  sum  of  i,  2,  3  would  be  equal  to  that  of  A.  This  latter 
holds  good  in  any  case ;  if  A  is  a  vol- 
tameter or  a  Smee  cell,  it  will  give  as  Fio.  77. 
much  hydrogen  as  i,  2,  and  3  together; 
but  the  ratios  between  these  latter  will 
be  quite  another  matter.  Until  the  ^  ^^ 
potential  between  A  B  and  C  D  rises  jX'^Qj)" 
to  *534)  no  current  would  pass  ;  then  it 
woula  go  wholly  by  i ;  when  it  rose 
beyond  '968  a  little  would  go  by  2,  but  yT^ 
only  a  small  proportion ;  and  it  would  arQilSy"  i.*fi* 
require  greater  battery  power  than  if  2 
were  acted  upon  alone,  because  by  the 
laws  of  derived  circuits,  the  E  M  F 
would  be  equal  at  all  the  junctions  of  i,  2,  3,  with  A  B,  and, 
therefore,  the  facility  of  passage  opened  through  i,  would 
rapidly  lower  the  potential  in  the  common  conductors,  and  make 
it  more  difficult  to  raise  it  to  the  degree  necessary  to  pass  any 
current  through  2  than  it  would  be  were  i  disconnected. 

616.  ELBarROLYTio  Eeagtions. — We  may  now  apply  these 
theoretical  principles  to  actual  cells  in  which  well-known 
reactions  are  carried  on. 

(i)  The  decomposition  of  sodium  sulphate,  instead  of  taking 
place  by  '*  secondEury  "  action  as  shown  in  §  605,  is  effected  by 
molecules  of  water  entering  the  polar  chain  itself;  the  extreme 
ions  of  the  chain  go  off  as  gases,  and  the  formula  becomes 

Water.        Sodium  Sulphate.  Water. 

Anode  +  Og  SO.JJ*    80,^1   SO.J}*     JJg  g  -  Cathode. 

Acid.  boda. 

The  upper  brackets  show  the  original  molecules,  and  the 
lower  ones  the  result  of  the  action ;  and  I  have  individualized 
the  atoms  in  order  to  show  why  a  bibasic  salt,  such  as  a 
sulphate,  takes  two  equivalents  of  current  to  decompose  it,  the 
equivalent  being  based  on  iH.  The  student  should  compare 
this  diagram  with  that  in  §  605,  and  thoroughly  realize  the 
difference  of  principles  involved  in  them. 

This  re€M3tion  requires  1*5  equivolts  of  energy  to  effect— that 
is,  so  much  energy  must  be  given  up  by  the  current,  in  order  to 
set  oxygen  and  hydrogen  &ee,  and  the  cell  will  act  as  a  —6 
of  that  force.  ^        1 
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(2)  But  the  anode  represents  the  zinc  of  a  battery  cell,  and  if 
it  c€ui  combine  with  any  anion  or  acid  radical  present  it 
dissolves  like  the  zinc,  and  like  it  gives  a -{-energy  to  the 
circuit.  If  therefore  the  anode  is  made  of  copper,  current  would 
pass  with  less  expenditure,  and  the  action  would  become 

Anode  +  CuSO,  JJ^  SO4  JJ*  SO4  JJ*  q  §  jj  -  Cathode. 

-|-  i'26  — 1*92 

Here  we  see  that  the  energy  absorbed  is  i  •  92  —  i  •  26,  or  only 
0*66  of  an  equivolt,  because  at  the  anode  a  reaction  occurs 
which  gives  up  energy ;  or,  more  simply,  there  is  only  absorp- 
tion at  the  cathode  for  setting  hydrogen  free,  in  excess  of  that 
due  to  copper  solution :  if  zinc  were  used  in  place  of  copper, 
still  less  energy  would  be  absorbed. 

(3)  We  may  have  at  the  cathode  also,  an  ion  present  which 
requires  no  more  energy  to  set  it  free  than  a  corresponding 
reverse  action  at  the  anode  will  supply,  then  we  have  an 
electrolysis  which  is  only  a  resistance,  not  a  —  electromotive 
force  (§  606),  and  which  therefore  the  very  feeblest  force  can 
effect.  If  we  place  copper  sulphate  at  the  cathode  of  the  last 
reaction,  it  becomes 

Anode  -f-  Cu  SO4  JJ*  SO4  Jj*  SO4  JJ*  SO,  Cu  -  Cathode. 

+  1*26  —  1*26 

This  is  an  ordinary  coppering  reaction,  in  which,  to  keep  up 
the  analogy,  I  have  used  the  soda  sulphate  in  the  circuit,  instead 
of  copper  sulphate  or  sulphuric  acid  as  usual.  The  copper,  in 
combining  with  the  acid,  gives  up  1-26  equivolts  of  energy,  as 
-f-  E  MF,  and  the  final  act  of  decomposition  absorbs  the  same 
as  —  E  M  F,  leaving  only  the  -resistance  of  the  cell  to 
overcome. 

(4)  In  the  ordinary  voltameter  with  dilute  acid  we  have  a 
reaction  which  it  will  be  seen  resembles  the  decomposition  of 
sodium  sulphate  (i),  but  the  hydrogen  comes  off  at  the  cathode 
without  producing  any  other  substance  there,  because  the  acid 
itself  supplies  the  hydrogen. 

Anode  +  OH2  S0n?2  SoTh^  -  Cathode, 
E"MlF-"r454 
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giving,  besides  the  resistance  of  the  cell,  a  —  E  M  F  of  volt 
I  '464;  so  that  a  single  Daniell  cell  of  volt  i  'O'jg  cannot  pass 
current  at  all  through  this  cell ;  but  if  we  use  as  in  (2)  a  copper 
anode,  which  gives  a  +  E  M  F  •  93,  so  reducing  the  —  E  M  F  to 
*  J34,  current  passes  freely,  hydrogen  is  given  off,  and  sulphate 
01  copper  formed.  It  will  be  observed  that  in  formula  (2)  the 
corresponding  reaction  shows  a  force  of  0'66,  while  here  it  is 
'534,  although  in  both  cases  the  same  products  are  set  free. 
The  figures  are  arrived  at  by  different  processes,  the  data  for 
which  are  as  has  been  explained  very  uncertain.  Besides  this, 
the  presence  of  the  caustic  soda  in  the  first  case  introduces  an 
element  which  does  not  exist  in  the  other,  and  this  is  the  real 
cause  of  the  ^eater  force  required.  All  these  figures  are  given, 
however,  to  illustrate  principles  as  yet  understood  by  very  few, 
not  as  actually  accurate  in  themselves. 

617.  Watkr  not  an  Electrolyte. — Almost  all  the  books  give 
diagrams,  and  speak  of  the  decomposition  of  water;  in  fact, 
they  commonly  attribute  the  processes  of  electro-metallurgy  to 
secondary  action  of  the  hydrogen  set  free  by  the  decomposition 
of  water ;  they  speak  also  of  water  being  a  bad  conductor,  but 
made  better  by  the  presence  of  acids  and  salts.  The  foregoing 
principles  enable  us  to  define  a  true  electrolyte  aa  a  pair  ofioM 
which  wiU  break  tip  under  a  potential  equivalent  to  the  affinity  which 
holds  them  together.  It  is  doubtful  whether  pure  water  is  not 
one  of  the  strongest  insulators ;  at  all  events,  it  will  not  only 
not  electrolyze  under  a  potential  of  i  *  5  volt,  but  it  resists  a 
hundred  times  that  E  M  F :  therefore  it  is  not  an  electrolyte. 
This  point  has  been  often  argued.  Some  have  said  that 
alternating  currents  will  decompose  water,  only  the  consti- 
tuents reunite  at  the  electrodes ;  this  plan  is  obviously  merely 
reversing  the  charges  of  a  condenser,  swinging  the  water  mole- 
cules backwards  and  forwards,  not  breaking  them  up,  nor 
passing  current  through  the  water  at  alL  Others  have  tried 
to  diminish  the  resistance  by  coiling  up  two  platinum  plates 
separated  by  silk,  giving  great  area  and  little  thickness  of  liquid. 
They  passed  current,  ana  got  gases  unquestionably,  but  it  is 
scarcely  necessary  to  say  that  it  was  not  pure  water  which  was 
being  decomposed.  The  fact  is,  really  pure  water  is  unknown, 
even  to  chemists ;  it  cannot  be  made,  and,  if  made,  could  not  be 
kept  five  minutes.  Water  is  a  close  approach  to  the  long-sought 
object  of  the  old  alchemists— a  universal  solvent.  The  purest 
platinum,  even  though  made  red  hot,  (fee,  is  sure  to  have  eome 
residuary  impurities  or  adherent  gas,  and  thus  the  conditions  of 
ideal  electrolysis  are  inevitably  vitiated. 

If  the  anc)de  be  silver,  it  is  found  that  after  a,  time  traces 
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of  silver  are  present  in  the  water,  and  from  this  it  has  been 
argued  that  water  is  an  electrolyte,  but  that  its  very  great 
resistance  prevents  current  passing.  The  argument  is  not  valid : 
when  the  water  is  polarized  as  a  dielectric  under  stress,  its 
oxygen  of  course  will  unite  with  the  silver,  which  passing  into 
solution  increases  its  conductivity. 

6 1 8.  Water  and  many  other  substances  permit  a  slight  current 
to  pass  without  undergoing  electrolysis ;  and  it  has  been  argued 
that  this  is  caused  by  the  gases  being  given  ofif  and  absorbed  by 
the  liquid.  We  cannot  limit  nature,  nor  can  we  be  quite  sure 
that  liquids  cannot  conduct,  in  some  degree,  like  metals  and 
solids,  as  even  guttapercha  does.  But  there  is  another  point  to 
consider.  Water  freely  dissolves  air,  and  takes  up  the  oxygen 
in  a  higher  ratio  than  the  nitrogen :  it  is  by  this  property  that 
fishes  are  enabled  to  breathe;  therefore  when  under  the 
influence  of  the  charge,  the  water,  acting  as  a  dielectric, 
presents  its  hydrogen  to  the  cathode,  it  finds  there  oxygen  with 
which  it  can  combine,  while  the  corresponding  oxygen  is  set 
free  at  the  anode,  with  the  result  of  a  small  current  passing : 
this  action  is  therefore  perfectly  analogous  to  the  transmissiou 
of  current  across  a  copper  solution  between  copper  electrodes, 
in  fact  oxygen  is  transferred  instead  of  copper. 

619.  It  is  stated  that  acidulated  water  under  a  pressure  of 
300  atmospheres  does  not  decompose,  nor  allow  the  current  to 
pass.  It  should  also  be  understCMxL  that  there  are  reasons  for 
believing  that  the  actual  electrolyte  is  not  the  pure  acid,  but 
a  hydrate  of  it :  in  electrolysis  across  a  porous  diaphragm  the 
liquid  is  carried  in  excess  to  one  electrode,  usually  the  cathode, 
to  such  an  extent  as  even  to  support  a  pressure  of  several 
inches,  as  stated  §  186.  This  is  explainable  if  we  conceive  that 
the  actual  electrolyte  is  not  H3SO4  but  H2S04-}-3H20,  and  that 
the  whole  of  the  hydrogen  is  given  off.  Similar  results  occur 
with  solutions  of  saltn,  and  electric  endosmose  is  partly  due  to 
this  excess  of  transport  of  water.  But  if  we  were  to  endeavour 
to  represent  this  exactly  in  diagrams  of  electrolysis  they  would 
become  so  complicated  as  to  be  unintelligible ;  also  every  sub- 
stance would  need  to  have  its  own  faculty  of  hydration  tested, 
so  that  in  studying  principles  it  is  better  to  confine  the  attention 
to  the  pure  substance. 

620.  In  the  various  reactions  commonly  called  the  decom- 
position of  water,  the  oxygen  and  hydrogen  gases  do  not  oome 
off  pure,  and  consequently  the  exact  theoretical  measures  are 
rarely  obtained.  Ozone  is  generated  at  the  anode,  and  peroxide 
of  hydrogen  at  the  cathode.  These  are  both  remarkable  sub- 
stances, as  possessing  the  contradictory  properties  of  beinc  both 
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oxidizing  and  reducing  agents.  Ozone  is  a  molecule  of  oxygen 
containing  three  atoms  instead  of  two,  and  with  the  third  atom 
ready  to  leave  at  the  earliest  opportunity ;  therefore  it  will  take 
oxygen  from  an  oxidizing  agent  to  form  ordinary  oxygen,  and 
hydrogen  from  a  reducing  agent  to  form  water.  The  reaction 
which  produces  them  may  be  written  thus : 


Anode  0  H™  0  <tt  u     rr  rk^Cathode. 


An  atom  of  oxygen  released  at  the  anode,  and  its  two  atoms 
of  hydrogen  acting  on  two  molecules  of  water,  so  as  to  form  two 
molecules  of  free  hydrogen  and  one  of  hydrogen  peroxide  H^Og. 
Three  such  reactions  give  three  atoms  of  ojcygen  to  form  a  mole- 
cule of  ozone  O,  at  the  anode. 

621.  Small  electrodes  facilitate  this  and  other  exceptional 
actions  owing  to  two  causes  :  i ,  increased  density  of  current,  so  that 
the  molecules  of  H2O  in  contact  with  the  electrode  are  more 
tumultuously  solicited  by  the  nascent  0,  or  in  other  words  the 
common  results  of  relative  quantities  come  into  action ;  2,  the 
resistance  is  greater,  and  the  stress  on  the  neighbouring  mole- 
cules is  greater,  so  that  the  potential  is  higher,  and  conditions 
exist  corresponding  to  those  which  cause  discharge  to  occur 
freely  from  edges  and  points,  §  83. 

622.  Nearly  pure  water  containing  air,  when  electrolyzed  by 
a  powerful  current,  generates  nitric  acid  HNO3  at  the  anode,  by 
the  nascent  oxygen  uniting  with  the  dissolved  nitrogen  and 
water,  and  ammonia  at  the  cathode  by  direct  union  of  nitrogen 
and  the  hydrogen,  thus : 

Anode  1 2N  N2  ^  Cathode. 

2HNO3 1  50^      0^  (r^io(2NH3  +  4H. 

623.  Dissociation. — When  a  current  from  africtional  machine 
enters  water  by  means  of  fine  points,  decomposition  occurs ;  it 
is  not,  however,  dedrolyais,  but  dissociation  ;  both  gases  are  given 
off  together  at  each  of  the  electrodes ;  this  is  due  to  the  high 
tennions  set  up  and  the  violence  of  the  vibrations  product, 
analogous  to  the  action  of  a  flash  of  lightning,  so  that  the  atoms 
of  0  and  H  constituting  water  are,  as  it  were,  shaken  apart. 
Similar  dissociation  is  produced  chemically  in  water  (as  steam), 
and  in  many  substances  when  the  temperature  or  heat  tension 
rises  beyond  the  degree  at  which  combination  occurs.  This  fact 
has  a  striking  analogy  to  the  disruptive  action  exerted  in 
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electrolysis  when    the    potential    rises  beyond  the  chemical 
affinities  of  the  radicals,  both  expressed  in  the  equivolt  unit. 

624.  In  the  electrolysis  of  common  salt  NaCl,  for  every  unit 
of  current  one  atom  .of  hydrogen  will  be  releeused  at  the  anode 
throughout  the  action ;  but  none  of  the  other  reactions  will  be 
uniform  :  at  first  the  action  accords  with  the  ordinary  laws,  and 
for  each  atom  of  hydrogen  there  will  be  an  equivalent  of  sodium 
hydrate  at  the  cathode,  and  of  chlorine  at  the  anode. 

Cathode  -  H^NONaClNaCi  +  Anode 

But,  as  the  caustic  soda  accumulates,  it  carries  a  part  of  the 
current,  and  then  commences  a  series  of  complicated  actions 
at  the  anode.  Chlorine  is  no  longer  given  off  alone,  but  some 
oxygen  accompanies  it  by  part  of  the  chlorine  regenerating 
sodium  chloride  thus : 


H  HO  Na  CI] 
Cathode  —  ,.^>^:^'^ — '      >     +  Anode 
H  Na  OH  Na 


»jo 


625.  The  same  reaction  also  extends  itself  by  taking  up  a 
molecule  of  the  salt,  and  forming  sodium  hypochlorite,  instead 
of  setting  the  oxygen  free. 


HONa      HHO      NaCl 


Cathode  —       -        ,— -ys [  +  Anode 

H  H  O  Na  CI 


In  consequence  of  this  and  similar  reactions,  chlorates  and  other 
oxygen  salts  may  be  formed  at  the  anode  when  chlorides  are 
electrolyzed,  instead  of  the  full  equivalent  of  chlorine  being 
given  off.  In  the  electrolysis  of  hydrochloric  acid  similar 
results  occur,  and  oxyg.en  is  set  free  as  well  as  chlorine,  and 
the  ratio  of  oxygen  increases  as  the  acid  is  weaker,  because 
there  are  more  oxygen  atoms  in  the  vicinity  of  the  electrode. 

It  is  probable  that  the  electrolysis  of  salt  will  plav  an 
important  part  in  the  practical  arts,  more  especially  in  bleacning, 
as  it  is  easy  to  control  the  action  and  to  secure  the  application 
of  the  exact  quantity  of  chlorine  required  without  having  to 
leave  the  fabric  exposed  for  any  length  of  time  to  the  destructive 
action  of  acids. 
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626.  These  various  examples  have  been  selected  because  they 
have  a  deep  significance  hitherto  overlooked.  They  have  been 
commonly  dismissed  as  slight  exceptions  from  the  established 
laws  of  electrolysis,  or  as  incidental  results  of  "secondary" 
action.  They  really  show  that  this  indirect,  chemical,  or 
secondary  action  is  a  delusion ;  dismissing  it,  we  can  ascend  to 
that  higher  and  more  general  law  formulated,  §  6io,  with  all  its 
theoretical  and  practical  results. 

627.  In  electrolysis  there  is  no  direct  transfer  of  ions  from  one 
electrode  to  the  other,  but  a  constant  interchange  of  radicals  in 
contact,  which  owing  to  the  selective  power  exerted  at  the  elec- 
trodes tends  to  the  accumulation  of  two  classes  of  radicals, 
which  in  the  case  of  salts  in  solution  would  ultimately  result 
in  collecting  all  the  acids  on  one  side  and  all  the  bases  on  the 
other,  as  described  §  630;  but  this  could  never  be  effected  as 
many  suppose  by  a  current  equivalent  only  to  these  products, 
because  a  continual  reversion  of  the  action  and  diffusion  of  the 
products  will  go  on :  in  practice,  also,  in  an  ordinary  depositing 
cell  the  result  of  long-sustained  action  is  the  transfer  of  the 
tnetal  of  the  anode  to  the  cathode.  But  the  anions  or  chlorous 
radicals  tend  to  accumulate  most  rapidly,  and  this  has  important 
results  in  electro-metallurgy,  because  these  chlorous  radicals 
act  on  the  anode  and  surround  it  with  a  heavy  saturated 
solution ;  while  the  removal  of  the  metal  at  the  cathode  tends 
to  produce  a  weak  and  acid  solution  there,  just  where  a  dense 
metallic  solution  is  most  desirable ;  in  fact,  if  we  use  a  neutral 
solution  of  copper  sulphate  in  a  cell  with  a  porous  partition,  and 
drive  a  strong  current  through,  in  a  little  while  the  anode  will 
be  covered  with  crystals  of  sulphate  of  copper  formed  there,  but 
unable  to  dissolve,  while  the  solution  at  the  cathode  will  be 
exhausted  so  as  to  give  the  metal  only  as  a  powder. 

628.  The  mode  of  transmission  of  ions  and  the  way  in  which 
the  metal  of  the  anode  is  transferred  to  the  cathode  may  be 
represented  in  the  following  diagram,  in  which  copper  is 
supposed  to  be  immersed  in  sulphuric  acid : 

I.  Cu  SO^Ha  SO4H,  SO^Hj 
Anode    2.  Cu  SO4CU  SO4H,  SO4H2    Cathode. 
+         3.  Cu  SO4CU  SO4CU  SO4H, 
4.  Cu  SO4CU  SO4CUSO4CU 

The  upper  brackets  show  the  constitution  before  action,  and 
the  lower  ones  the  result  of  one  action  upon  each  molecular 
chain ;  after  each  action,  which  involves  a  redistribution  of  the 
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radicals,  the  newly-formed  molecules  make  a  semi-revolntion  so 
as  to  renew  the  polar  condition;  at  each  action,  therefore,  a 
molecule  of  copper  sulphate  is  formed  by  copper  entering  at  the 
+  end,  and  hydrogen  leaving  at  the  cathode,  until  at  length 
copper  sulphate  reaches  the  cathode,  and  copper  can  be  set  iree 
there  instead  of  hydrogen.  The  student  should  compare  this 
explanation  with  that  referred  to  in  §  533.  But  while  he 
avoids  the  error  of  attributing  the  action  to  some  mythical  and 
general  attractive  power  exerted  by  the  single  electrodes  for 
oppositely  electrified  ions,  and  clearly  realizes  that  it  is  a 
molecular  action  between  the  faces  of  the  electrodes  and  the 
liquid  in  contact,  he  must  not  overlook  the  other  condition 
which  also  exists.  The  electrolyte  is  really  occupied  by  a 
*'  field  of  force,*'  such  as  exists  in  static  charges,  and  all  its  ^ 
molecules  are  therefore  under  the  static  or  di-electric  stresB 
which  plays  its  part  in  the  action. 

629.  Experiments  in  electrolysis  are  very  interesting  and  in- 
structive, and  every  one  who  wishes  to  understand  the  subject 
should  make  them  for  himself,  taking  care  as  far  as  possible  to 
watch  all  the  quantitative  relations  of  the  current  by  some  of 
the  means  described  in  the  chapter  on  measurement.  There 
have  been  many  complicated  and  expensive  forms  of  apparatus 
devised,  but  the  most  important  experiments  can  be  performed 
by  the  very  simplest  means.  Wires  of  suitable  metals  serve 
for  electrodes,  and  small  U  tubes  made  by  bending  up  pieces  of 
glass  tubing  will  serve  for  cells,  the  two  liquids  being  placed 
separately  in  the  legs ;  in  some  cases  it  may  be  well  to  fill  the 
bend  with  fine  sand ;  straight  lengths  of  tube,  closed  at  the 
bottom  with  a  plug  of  plaster  of  Paris  or  asbestos,  may  be  used 
by  dipping  them  in  a  vessel  of  suitable  connecting  liquid. 
When  gases  are  to  be  collected,  test-tubes  can  be  used,  filled 
with  the  liquid,  closed  with  the  finger  or  with  a  piece  of  sheet 
indiarubber,  and  inverted  over  the  wire  electrode.  The  instru- 
ment described,  §  512,  is  also  admirably  suited  to  electrolytic 
experiments. 

630.  By  connecting  several  such  cells  or  U  tubes  in  series, 
the  student  will  see  that  the  acids  all  collect  in  one  arm,  and 
the  bases  in  the  other ;  and  by  using  them  singly  and  noticing 
the  electromotive  force  or  number  of  battery  cells  needed  to 
pass  any  given  current,  he  will  make  clear  to  himself  the 
relations  of  the  force  and  observe  the  reacting  current  set  up, 
while  the  conditions  of  Fig.  77  can  be  studied  by  mounting  the 
tubes  side  by  side  or  in  multiple  arc.  For  instance,  let  four 
U  tubes  contain — i.  Solution  of  potassium  iodide  with  a  little 
starch ;  2.  Common  salt,  coloured  blue  with  sulphate  of  indigo  ; 
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3.  Ammonium  sulphate  with  infusion  of  cabbage;  4.  Copper 
sulphate.  Connected  with  platinum  wires  and  placed  in  series 
with  a  strong  battery,  the  anode  arms  will  show  acid  reactions ; 
I  will  be  coloured  blue  by  freed  iodine ;  2  will  be  bleached  by 
chlorine ;  3  will  redden  by  sulphuric  acid ;  4  will  show  acid  on 
litmus  paper.  The  cathode  arms  will  show  the  presence  of  the 
bases :  i  will  turn  turmeric  paper  brown  by  potash  ;  2  will  do 
the  same  by  soda ;  3  will  become  green  by  ammonia,  or  blue  if 
litmus  is  used  in  place  of  cabbage;  4  will  deposit  copper. 
Used  singly  or  in  multiple  arc  with  gradually  increased  battery 
power,  they  will  show  tiie  differences  in  the  power  required  for 
each  of  these  reactions. 

631.  There  are  some  salts  from  which  oxides  are  thrown 
down  in  a  solid  form.  Such  are  the  nitrates  and  acetates  of 
lead,  manganese,  and  bismuth,  from  which  the  peroxi'ies  as 
PbO,  MnOg  are  depf>sited  upon  the  anode.  With  the  lead  salts 
very  beautiful  effects  are  produced  in  this  way,  as  the  peroxide 
in  different  thicknesses  has  different  colours  through  which  also 
the  metal  it  is  deposited  upon  may  partially  appear.  By  acting 
on  a  polished  plate  with  a  pointed  electrode  facing  it,  rainbow- 
tinted  rings  are  formed  on  the  same  principle  as  Newton's 
rings,  due  to  the  interference  of  the  waves  of  light  reflected 
through  the  film,  which  diminishes  in  thicknesjs  as  its  distance 
from  the  point  increases. 

This  process  is  capable  of  practical  application  by  way  of 
ornamenting  metallic  surfaces;  some  attempts  in  this  way 
have  been  made,  and  it  offers  a  very  promising  field  for 
experiment. 

632.  The  Work  op  Electrolysis — The  formula  given  §  597 
is  adapted  to  scientific  and  experimental  purposes,  but  for  many 
practical  purposes  the  ampere  is  too  small  a  measure,  and  ex- 
pressions corresponding  to  the  actual  operations  would  be  found 
more  convenient.  The  anticipated  requirements  of  electric 
lighting,  when  the  current  is  to  be  distributed  and  paid  for, 
have  led  to  the  use  of  the  "ampere  hour,"  §  299  :  but  notwith- 
standing its  applicability  to  this  special  purpose,  the  ampere 
hour  ought  not  to  be  adopted :  it  has  the  serious  disadvantage 
of  converting  the  ampere,  which  is  a  unit  of  current,  into  one 
of  quantity  J  and  it  is  a  broken  number,  as  it  represents  3600 
coulombs,  or  units  of  quantity.  It  would  be  far  better  to 
employ  decimal  multiples  of  the  coulomb,  as  is  done  with  other 
units ;  unfortunately  the  usual  prefixes  do  not  blend  pleasantly 
with  the  coulomb,  but  the  proper  large  units  would  be  the 
"kilo-coulomb"  =  1000,  and  the  "meg-coulomb"  =  1,000,000. 
The  following  table  gives  the  values  in  different  units  of  weight 

tized  by  Google 


384 


BIBOTBOLTSIS. 


[633- 


of   these  several    quantities,  related    to  the    atomic    datum, 
hydrogen. 


WelghtB. 

X 

OoQlomb. 

xooo. 
KU<H3oaloinb. 

1600. 
Ampere-hour. 

x,ooo.ooa 
Mcg-ooalomix 

Gramme     .. 
Grain 

Ounce  Troy 
Ounce  Avoir. 
Pound  Avoir. 

•OOOOI022 

•00015775 
•00000033 
•00000036 
•00000002 

•010222 

•157745 
•000329 
•000361 
•000023 

•036799 
•567899 
•001183 
•001298 
•000081 

I0^22333 

157-745  w 

•328644 
•360570 
•033536 

If  Masoart's  ampere  value  is  preferred,  §  386,  these  figures 
would  have  to  be  increased  i '  9  per  cent.,  i.  e.  multiplied 
by  I '019. 

633.  Let  h  represent  (as  in  §  597)  the  one  of  these  selected  as 
the  unit  current  value,  and  v  the  electric  equivalent  of  any 
substance,  then 


Jfc  X  «  =  W  or  quantity  of  the  substance, 

W 

(     corresponding  unit. 


=  O  or  J®^^*^^i*y  required  in  the 
^        I     correspo 

Q      _n X     ...         Q 


k  X  V 


Then  7^ —  =  Current,  and  ^ =  Time  required. 

In  these,  time  would  be  hours,  if  ampere  hours  were  the 
unit ;  for  other  units  multiply  Q  by  1000,  &c.,  when  time  will 
be  in  seconds ;  or  any  other  ratio  can  be  used. 

In  practical  application  another  consideration  has  to  be  taken 
into  account,  viz.  the  "  density  of  current ''  suited  to  the 
circumstances,  which  is  explained  §§  674  and  698,  where  also 
will  be  found  examples  of  the  use  of  these  formuka. 

634.  The  same  principles  may  be  applied  in  another  way, 
employed  by  Dr.  0.  Lodge  in  his  papers  on  secondary  battaries. 
Thus 


Weight  of  substance  acted  on 
in  a  single  cell  in  pounds 

Quantity  of  electricitT  passed 
through  it  in  ampere-hours 


Ordinary  atomic  weight 
of  the  substance 

1 3,000  times  the  number 
of  bonds  released  per  atom. 


This  number  12,000  is  a  round  number  in  place  of  12,020  or 
12,098  according  to  the  value  used  above:  it  is  derived  from 
the  fact  that  9505  C.G.S.  units  is  the  electric  quantity  corre- 
sponding to  I  gramme  of  hydrogen,  i.  e.  to  one  **  bond  "  released. 
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aocording  to  Masoart's  value.  The  value  *  000081  pound  in  my 
table  is  in  fact  the  reciprocal  of  this  12,000,  and  the  division  by 
the  **  number  of  bonds  released  "  is  effected  in  ascertaining  the 
electric  equivalent. 

635.  For  practical  operations  it  would  be  advisable  to  trans- 
late the  general  scientific  terms  and  values  into  corresponding 
special  terms ;  that  is  to  say,  instead  of  reckoning  currents  in 
amperes  it  would  be  better  to  measure  them  directly  in  terms  of 
the  special  work ;  this  is,  in  fact,  using  an  enlarged  form  of  my 
chemio  unit;  thus  an  electrotyper  would  measure  his  current 
in  terms  of  ounces  of  copper  per  hour  or  pounds  per  day,  and  an 
electro-plater  would  measure  them  in  the  ounces  of  silver 
corresponding  to  them.  Then  galvanometers  could  be  graduated 
in  those  units,  as  I  have  long  been  in  the  habit  of  doing,  and 
with  one  controlling  each  operation,  the  ordinary  workman 
would  understand  vmat  was  going  on,  and  mere  guess-work 
would  be  reduced  to  exact  knowledge. 
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CHAPTER  X. 

ELECTRO-METALLURGY. 

636.  Although  electro-metallurgy  is  a  purely  practical  art, 
and  its  successful  practice  may  be  accomplished  with  a  very 
small  modicum  of  science,  this  is  true  only  of  the  factory ;  to 
learn  it  from  books  and  solitary  practice,  and  in  any  case  to 
learn  it  intelligently  and  to  pass  beyond  the  range  of  mere 
''rule  of  thumb/'  it  is  necessary  to  clearly  understand  the 
principles  in  operation,  and  the  terms  necessarily  employed  in 
explaining  those  principles,  and  reference  will  be  made,  where 
required,  to  the  earlier  pages  in  which  these  may  be  found. 
For  this  reason  also,  if  any  one  hopes  to  learn  at  once  how  to 
rival  Elkington  in  the  art  of  electro-plating,  or  even,  having 
got  a  Smee  cell  and  half  a  pint  of  gilding  solution,  to  at  once 
proceed  to  gild  his  watch  case  or  chain,  he  may  as  well  resign 
himself  to  disappointment ;  he  must  go  through  an  apprentice- 
ship, by  first  learning  thoroughly  how  to  deposit  copper  in  any 
required  condition;  this  is  a  cheap  and  manageable  process, 
and  all  the  secrets  of  electro-metallurgy  can  be  learnt  there, 
and,  once  mastered,  success  in  the  other  departments  is 
assured,  and  only  slight  instructions  are  necessary  for  each 
special  case. 

637.  The  first  thing  essential  to  be  considered  is  the  source 
of  the  force,  i.e.  the  best  form  of  battery  to  employ.  We 
require  a  battery  easy  of  management,  giving  a  large  current 
at  moderate  cost  and  of  tolerable  constancy.  Much  will  depend 
upt)n  the  amount  of  use  to  be  made  of  the  apparatus,  for  the 
conditions  are  very  different  when  the  instrument  is  to  be  kept 
steadily  at  work,  and  when  it  is  to  be  used  only  by  fits  and 
starts.  For  most  purposes  the  Smee  is  to  be  selected  before 
any  other  ordinary  form;  but  a  careful  study  of  the  chapter 
treating  of  the  different  batteries  will  enable  the  reader  to 
select  rhe  form  most  suitable  to  his  purpose. 

On  the  large  scale  the  battery  is  being  entirely  superseded  by 
the  dynamo  machine,  on  account  of  its  greater  economy :  but  I 
do  not  propose  to  go  into  the  use  of  the  machine  in  this  work. 
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which  is  addressed  to  general  readers,  rather  than  to  the  details 
of  specific  applications;  the  use  of  the  dynamo  is  governed 
by  the  same  principles  as  that  of  the  battery,  its  management 
consists  simply  in  controlling  the  E  M  F  and  the  current  so  as 
to  produce  the  intended  results. 

638.  The  basis  of  all  knowledge  is  experiment,  and  the  very 
essence  of  experiment  is  exactness;  and  this  latter  can  be 
obtained  only  by  regular  measurements,  a  matter  rarely  attended 
to  in  electro-metallurgy.  It  is  impossible  to  urge  too  strongly, 
alike  upon  the  learner  and  the  practical  operator,  the  advantage 
of  keeping  in  the  circuit  a  suitable  galvanometer  which  will 
always  show  whether  operations  are  going  on  properly,  call 
attention  to  any  irregtdarity,  and  measure  at  every  instant  the 
actual  work  doing,  while  showing  the  effect  of  any  variation  in 
the  conditions.  In  this  way  the  work  itself  soon  teaches  its 
laws.  For  most  purposes  in  metallur^  a-  vertical  detector,  §  3  36, 
will  be  found  suitable,  as  not  needing  exact  placing,  and  not 
being  disturbed  by  neighbouring  magnetic  bodies,  when,  as  is 
usual,  two  similar  needles  are  mounted  on  the  axis  with  poles 
reversed.  For  experimental  purposes,  however,  the  instru- 
ments, §§  332-5,  are  expressly  adapted,  and  many  of  the  ex- 
periments and  figures  to  follow  relate  to  their  indications. 

639.  The  various  principles  and  processes  classed  under  the 
name  of  electro-metallurgy  may  be  classified  and  studied  under 
several  distinct  heads,  and  sound  knowledge  can  be  obtained 
most  readily  by  carefully  distinguishing  these  heads.  The 
mere  process  of  removing  the  several  metals  &om  their  solu- 
tions is  a  part  of  the  general  theory  of  electrolysis,  of  which  it 
is  a  practical  application ;  that  theory  therefore  should  be  care- 
fully studied  in  Chapter  IX.,  so  that  in  each  given  case  we 
may  secure  the  metal  in  such  conditions  of  cohesion,  colour,  &c., 
as  we  desire. 

640.  There  are  two  completely  distinct  objects  sought  in 
different  cases. 

(i)  We  require  to  form  a  fresh  object  in  metal  which  is  to 
have  a  separate  existence  of  its  own,  and  must,  therefore, 
possess  a  certain  substance  and  strength ;  this  class  of  work  is 
usually  called  electrotype^  such  as  forming  of  copper  plates,  solid 
vessels,  duplicates  of  coins,  medals,  &c.,  and  divides  itself  into 
the  two  cases  of  deposits  on  metals,  and  on  non-metallic  models 
the  formation  of  which  has  to  be  undertaken. 

(2)  We  require  the  newly  formed  metal  to  incorporate  itself 
with  that  on  which  it  is  placed,  and  which  it  is  our  object  to 
protect  from  atmospheric  and  other  influences  or  to  beautify ; 
this  class  of  work  is  called  eledro-plating. 
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This  olaBBification  would  appear  to  be  the  really  important 
lone,  but  this  is  not  the  case ;  for  the  result  is  simply  a  detail  of 
the  first  head  in  the  next  classification  to  be  considered. 

(i)  The  preparing  of  the  object  to  be  deposited  upon,  includ- 
ing moulding,  cleaning,  4^0. 

(2)  The  actual  deposition;  selection,  and  making  of  the 
required  solutions,  and  regulating  the  electrical  energy  for  the 
1  due  performance  of  the  required  work. 

\  (3^  The  finishing  off  the  completed  work.  The  first  and  last 
lof  tnese  are  in  the  main  mechanical  operations,  and  may  be 
ponsidered  together. 

\  641.  The  Preparation  of  the  OBJCCTS.-^nere  the  first  ques- 
tion is :  Do  we  require  an  adherent  deposit,  a  superficial  plating ; 
or  do  we  wish  a  removable  coating,  an  electrotype  ?  The  first 
can  only  be  obtained  upon  a  metafiic  surface,  and  that  surface 
must  be  of  a  metal  not  acted  upon  to  any  great  extent  by  the 
solution  to  be  used ;  thus  it  is  in  vain  that  we  may  try  to  get  a 
coating  of  copper  on  an  object  of  zinc  or  iron  in  a  solution 
of  sulphate  of  copper.  This  comes  under  the  second  head, 
however. 

642.  To  obtain  an  <idhererU  deposit  there  is  one  essential — 
cleanliness.  And  in  this  sense  that  word  means  the  perfection 
of  that  virtue,  not  such  cleanness  merely  as  will  satisfy  a 
scullery-maid,  or  even  her  mistress,  as  to  the  plates  and  dishes, 
but  chemical  cleanness,  the  absolute  absence  of  any  foreign 
matter  whatever,  as  such  matter,  however  clean  to  ordinary 
ideas,  is  dirt,  as  Lord  Palmerston  defined  it,  matter  in  the  wrong 
place.  Thus,  a  piece  of  silver  or  gold  taken  off  a  shelf,  however 
bright  and  clean  it  may  look,  would  not  take  an  adherent  coat 
if  put  into  a  coppering  or  uilvering  cell  and  deposited  upon  ;  on 
burnishing  it  probably,  on  heating  it  certainly,  the  coating 
would  blister  and  strip.  The  reason  is  that  every  substance 
whatever  has  a  film  of  air  closely  attached  to  it,  and  the  de- 
posited metal  forms  on  this  film  and  not  in  molecular  contact 
with  the  metallic  surface ;  thus,  in  the  case  considered,  the  air, 
however  pure  it  may  be,  is  dirt — ^i.  e.  it  is  in  the  wrong  place, 
between  two  surfaces  we  want  to  be  themselves  in  absolute 
molecular  contact. 

If  a  surface  has  been  cleaned  to  perfection,  and  it  be  touched 
with  a  dry  finger,  on  that  spot  the  deposit  will  be  non-adherent, 
and  in  many  cases,  if  cleaned  by  liquid  processes,  even  a 
momentary  ezposui  e  to  air  will  cause  the  formation  of  a  film  of 
oxide,  J^c,  ^hich,  infinitesimal  and  even  undiscoverable  as  it 
may  be,  will  still  prevent  adherence,  so  that  it  is  of  extreme 
importance  to  understand  what  is  meant  by  chemically  dean, 
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and  how  to  secnre  that  condition,  if  it  is  desired  to  avoid  the 
most  mortifying  disappointments. 

643.  If,  on  the  other  hand,  we  desire  a  nonHzdhereiU  removable 
deposit,  we  require  ordinary  cleanliness,  the  removal  of  loose 
extraneous  dirt,  and  evenrthing  which  would  interfere  with 
the  formation  or  beauty  of  the  deposit,  but  we  must  carefuUy 
deface  chemica]  cleanness  of  surface  by  means  described,  §  650. 

644.  Articles  may  be  cleaned  either  by  dry  or  wet  processes ; 
the  first,  of  course,  consist49  mainly  of  brushing  with  the  aid  of 
polishing  materials,  fine  silver  sand,  emery,  tripoli.  whiting  and 
rouge,  according  to  the  nature  of  the  article.  It  should  be 
observed  here  that  whatever  condition  we  desire  in  the  finished 
article  we  must  produce  in  the  object  before  commencing  de» 
position  :  bright  parts  should  be  burnished,  and  all  roughness 
of  workmanship  smoothed  ofi^  and  all  file  marks  and  scratches 
carefully  removed.  There  is,  however,  this  limit  to  this  obser^ 
vation,  that  in  adherent  coatings  absolute  finished  polish  is  not 
desirable,  and  even  though  it  is  proper  to  burnish  the  required 
parts  so  as  to  give  a  close  finish,  yet  before  actual  deposition 
this  burnish  should  be  slightly  and  superficially  removed,  as 
perfect  adherence  is  less  easy  to  obtain  on  an  absolutely  smooth 
surface ;  an  instant's  dipping  in  strong  acid  is  enough  to  give 
the  burnished  surface  the  capacity  of  adherence  without  de- 
teriorating from  the  beauty  of  finish. 

There  is  reason  to  suppose  that  the  deposit  is  not  merely  a 
cohesion  of  two  distinct  surfaces,  but  that  the  deposited  metal 
penetrates  to  some  depth  within  the  surface  and  forms  a  partial 
alloy  or  chemical  union :  the  hard  burnished  surface  would  tend 
to  resist  this,  while  the  open  granulated  surfitce  left  by  the  add 
would  facilitate  the  union. 

645.  The  best  cleaning  and  polishing  apparatus  is  in  the  form 
of  circular  brushes  mounted  upon  a  lathe ;  in  factories  this  is 
always  employed  in  the  form  of  the  scratch-brush  lathe,  a  rough 
affair  driven  by  steam  or  by  a  common  treadle,  with  fittings  to 
supply  a  constant  drip  of  various  liquids  found  to  facilitate  the 
action,  such  as  soap  and  water,  stale  ale,  &o.  Amateurs  who 
have  no  lathe  employ  the  common  hand  brushes  of  bristles  of 
various  degrees  of  stiffness;  for  the  harder  work  of  cleaning, 
the  wire  **  card  "  is  very  useful,  and  for  the  more  delicate  work 
scratch-brushes  are  emploved,  in  the  form  of  bundles  of  very 
fine  wire  bound  round  with  stronger  wire  (which  is  unrolled  as 
the  wires  wear  down).  These  are  made  usually  of  hard  brass, 
but  iron  is  cdso  needed,  and  in  some  very  delicate  work,  brushes 
of  spun  glass  are  usefuL  The  same  sort  of  brushes  are  em- 
ployed in  finishing  off  the  articles  after  deposition.     These 
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matters  being  purely  mechanical  and  self-obvious  to  any  one 
after  a  little  practice,  it  is  not  necessary  to  go  further  into 
detail  about  them. 

646.  Many  metallic  substances  it  is  advantageous  to  heat  and 
plunge  into  acids ;  but  this  must  not  be  done  with  objects  which 
are  soldered,  or  whose  temper  or  hardness  it  is  necessary  to  pre- 
serve. As  a  rule,  the  first  thing  to  be  done  (where  this  heating 
is  inapplicable)  is  to  remove  the  greasy  films  which  most  objects 
acquire  either  in  use  or  course  of  manufacture :  this  is  effected 
by  boiling  and  rubbing  in  a  solution  of  caustic  soda,  made  by 
boiling  about  2  lbs.  of  common  soda  crystals  with  milk  of  lime, 
produced  by  slaking  ^  lb.  of  quicklime  with  hot  water  and  well 
stirring ;  this  will  produce  a  gallon  of  suitable  solution,  from 
which  it  is  not  necessary  to  remove  the  carbonate  of  lime 
formed,  as  it  will  €kssist  in  the  cleaning.  The  boiling  must  be 
effected  in  an  iron  pot,  not  tinned,  as  tin  would  be  dissolved 
and  deposited  upon  objects  afterwards.  After  this  alkaline  bath 
the  objects  should  be  well  washed  in  several  waters  or  under  a 
running  stream.  They  are  next  cleaned  in  acids,  and  again 
very  carefully  washed  before  passing  into  the  depositing  vessel ; 
but  this  stage  requires  a  classified  consideration  based  on  the 
Several  metaJs  of  which  they  are  composed. 

(i)  Silver  may  be  washed  in  dilute  nitric  add,  then  dipped 
in  strong  nitric  acid  for  an  instant  and  washed.  It  will  require 
no  further  treatment.  There  must  be  no  hydrochloric  acid  or 
chlorine  salts  present. 

(2)  Coppery  brass,  and  German  silver  are  immersed  in  a  pickle 
composed  of  water,  100  parts ;  oil  of  vitriol,  100  parts ;  nitric 
acid,  specific  gravity  i '  3,  50  parts ;  hydrochloric  acid,  2  parts. 

The  nitric  acid  is  of  the  strength  sold  as  double  aquafortis. 
An  acid  prepared  for  the  purpose  is  sold  as  *' dipping  acid." 
Two  vessels  should  be  employed  for  this  acid ;  one  firesh,  for  a 
final  dip  of  an  instant  or  two,  and  one  partly  spent,  in  which 
the  principal  cleaning  is  effected.  If  there  are  green  spots 
of  verdigris  on  the  object,  these  should  first  be  removed  by 
rubbing  with  hydrochloric  acid. 

For  coppering,  this  cleaning  would  be  enough;  but  for 
silvering  and  gilding,  it  is  better  to  coat  the  surface  with  a 
thin  film  of  mercury.  This  is  effected  by  means  of  a  solution  of 
I  oz.  of  mercury  in  nitric  acid  with  3  parts  of  water,  diluted  to 
one  gallon ;  there  will  form  a  grey  or  blackish  deposit  over  the 
surface,  which,  on  brushing  softly,  gives  place  to  a  brilliant  coat- 
ing  of  mercury ;  the  object  should  be  transferred  to  the  deposit- 
ing cell  the  instant  this  is  obtained,  otherwise  it  soon  tarnishes, 
And  will  require  fresh  preparation.    There  should  be  a  little 
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free  nitric  acid  in  this  mercury  solution,  and  whenever  there 
forms  a  black  deposit  somewhat  adhering,  it  is  evidence  that 
the  mercury  is  becoming  exhausted.  Solder,  lead  edges,  <&c., 
give  much  trouble,  as  it  is  very  hard  to  prevent  a  black  line 
forming  at  the  junction,  which  prevents  silver  taking ;  these 
spots  require  treatment  with  a  stronger  solution  of  mercury,  or 
a  plan  I  have  somewhat  modified  from  Watt's  may  be  often 
used :  to  a  soft  brush  (camel's-hair  pencil),  tie  one  or  two  iron 
wires  of  No.  2  5,  or  thereabouts,  so  bent  that  the  points  closely 
follow  that  of  tiie  brush,  which  is  to  be  dipped  in  a  weak  solu* 
tion  of  sulphate  of  copper  free  from  acid,  and  drawn  over  the 
solder,  the  iron  touching  it ;  a  reaction  is  set  up,  which  causes 
the  copper  to  be  deposited  in  a  thin  adherent  film,  on  which 
the  electric  deposit  will  fix  itself.  Nitrate  of  copper,  prepared 
by  dissolving  the  metal  in  weak  nitrio  acid,  is  even  better  than 
the  sulphate  for  this  purpose. 

(3)  Britannia  mekd^  pewter,  <tn,  and  lead  should  not  be  dipped 
in  l^e  acid  pickle,  but  rinsed  in  a  fresh  caustic  soda  or  potash 
solution,  and  transferred  at  once  (without  passing  into  water) 
into  the  solution  for  silvering.  The  reason  is  that  the  oxides 
of  tin  and  lead  are  soluble  in  caustic  alkaUes,  while  the 
products  of  the  action  of  acids  are  not  soluble. 

(4^  Iron  and  $teel  are  soaked  in  a  solution  of  i  lb.  of  oil  of 
vitriol  in  a  gallon  of  water,  with  a  little  hydrochloric  and 
nitric  adds  added.  Cast  iron  requires  somewhat  stronger  solu- 
tions and  very  careful  rubbing  with  sand,  &o.  Steel,  on  the 
other  hand,  requires  weaker  solutions.  They  may  often  be 
effectually  and  speedily  cleaned  by  treating  them  as  anodes  in 
this  solution,  using  a  plate  of  copper  as  a  cathode. 

( j)  Zinc  may  be  treated  similany,  but  it  is  desirable  to  finish 
witn  a  dip  into  stronger  acids  before  the  final  washing.  Most 
of  the  French  "  bronzes  "  are  made  of  zinc,  and  some  do  well 
for  silvering  on.  In  these  last  cases  no  copper  or  other  metals 
should  be  dipped  in  the  baths,  and  soldei^  joints  must  be 
treated  as  described  above. 

These  latter  classes  require  special  preparations  and  treat- 
ment in  the  depositing  baths,  but  just  the  same  classification  is 
advantageous  tiiere  as  in  the  cleaning  processes,  and  the  details 
will  be  given  when  treating  of  the  depositing  processes  them- 
selves. 

647.  Preparing  Old  Work. — In  replating  old  goods  it  is 
essential  that  the  former  silver,  &c.,  should  be  removed,  other- 
wise a  black  line  forms  at  the  junctions,  and  sound  deposit 
cannot  be  obtained,  in  factories,  this  is  usually  effected 
mechanically  by  the  scratch-brush,  with  the  aid  of  oil  and 
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rottenstone,  and  the  debriB  are  collected  and  reduced  to  recover 
the  metals.     The  metals  may  also  be  removed  chemically. 

(i)  To  Bemove  Oold. — Immerse  in  strong  nitric  acid,  and  add 
crystals  of  common  salt ;  after  a  time  when  the  acid  is  exhausted, 
evaporate  to  dryness,  and  fnse  with  soda  or  potash  to  obtain 
the  gold. 

(2)  To  Bemove  Silver. — Immerse  in  undiluted  oil  of  vitriol 
crystals  of  nitrate  of  potash  (saltpetre),  and  heat.  This  may 
be  done  in  a  copper  vessel.  When  spent,  dilute  largely,  and 
throw  down  the  silver  with  scraps  of  zinc,  or  as  chloride,  by 
adding  hydrochloric  acid.  The  silver  may  be  recovered  from 
this  by  fusing  with  carbonate  of  soda,  or  by  mixing  with  zinc 
cuttings  and  sulphuric  acid,  or  it  may  be  used  for  a  chloride  of 
silver  battery. 

This  process  can  be  used  with  articles  of  oopper,  German 
silver,  or  even  brass,  but  not  iron,  lead,  or  its  alloys ;  these 
should  be  placed  as  anodes  in  a  silvering  solution,  which  will 
not  attack  the  lower  metals. 

To  Bemove  Copper, — From  silver,  boil  with  dilute  hydro- 

loric  acid. 

(4)  To  Bemove  Tin  and  Lead. — A  hot  Bolution  of  perchloride 
of  iron  (jewellers'  rouge,  or  the  druggists'  carbonate  of  iron 
dissolved  in  hydrochloric  acid)  will  dissolve  copper,  tin,  or  lead, 
without  attacking  silver  or  gold. 

648.  Vessels. — For  all  the  foregoing  'processes,  no  better  ves- 
sels can  be  had  than  the  best  hard  brown  earthenware;  for 
small  articles,  a  kind  of  basket  is  made  of  this  material  with 
handle  for  dipping  and  shaking  about.  The  same  material  is 
available  for  the  plating  liquids  themselves,  though  glass  is 
preferable  for  small  operations.  For  washing,  it  is  well  to 
arrange  a  succession  of  vessels  with  spouts,  or  slightly  inclined, 
at  su(3i  a  level  below  each  other  that  a  stream  of  water  will 
flow  from  the  highest  to  the  lowest,  so  that  by  rapidly  passing 
the  object  from  the  lowest  upwards,  it  is  perfectly  cleaned ;  for 
amateurs,  the  simplest  plan  is  to  hold  them  under  a  water  tap, 
and  remove  them  m  a  pan  of  water  straight  to  the  next  stage. 

649.  Connections. — AH  objects  must  be  securely  connected 
electrically  with  copper  wires.  Where  it  is  possible  these 
should  be  soldered,  but  usuallv  the  connection  has  to  be  one 
of  mere  contact;  for  large  objects,  several  wires  should  be 
provided :  for  small  ones,  such  as  spoons  or  forks,  little  stirrups 
of  No.  30  or  32  wire  are  best,  fixed  to  a  stouter  wire,  and  the 
points  of  contact  with  the  object  should  be  frequently  shifted, 
otherwise  it  will  be  defBiced  by  a  mark  when  finished.  For 
this  reason,  the  wire  actually  in  contact  with  the  object  should 
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always  be  as  small  as  possible,  though  it  may  be  fixed  to  a 
stouter  wire  at  a  short  distance.  These  connections  may 
generally  be  attached  before  cleaning:  if  otherwise,  they 
should  be  fixed  under  water,  and  with  the  hands  scrupulously 
clean.  It  is  an  advantage  to  pass  these  wires  through  a  small 
glass  tube  reaching  above  the  level  of  the  liquid  so  as  to  check 
deposit  upon  the  wire  itself. 

The  mode  of  connecting  non-metallic  objects  is  described 

650.  Ebmovablb   Deposits. — Electrotypes. — The   objects   on 
which  these  are  to  be  formed  should  be  made  simply  clean  by 
the  removal  of  loose  dirt;   if  metallic,  they  should  then  be  ' 
lightly  rubbed  over  with  a  tuft  of  cotton  wool  moistened  with 
turpentine,  with  a  piece  of  beeswax  the  size  of  a  pea  dissolved  j 
to  the  quarter  pint ;  this,  when  dry,  will  not  interfere  with  the ' 
deposit,  but  will  prevent  adhesion.     The  back  and  all  parts  not ' 
intended  to  be  deposited  on  should  be  covered  with  varnish  or 
wax  for  acid  solutions,  or  treated  as  described,  §  663. 

651.  Moulds. — ^Many  of  the  objects  desired  to  be  reproduced 
have  to  be  deposited,  not  on  the  objects  themselves,  but  upon 
copies  or  moulds  made  from  them,  and  some  judgment  is 
necessary  in  selecting  the  best  materials  for  the  purpose ;  we 
have  to  consider  (i)  of  what  material  the'  original  object  is 
made,  and  (2)  the  material  which  will  work  best  with  this,  and 
at  the  same  time  suit  the  particular  process  of  deposition  to  be 
used ;  thus  we  must  avoid  usine  a  material  which  might  injure 
the  original,  and  also  one  which  would  be  acted  on  by  the 
solutions ;  this  latter  being  the  case  with  all  resins,  wax,  and 
stearine  in  cyanide  solutions.  We  should  regard  first  the 
objects  to  be  moulded  from,  the  processes  being  considered 
in  the  order  of  their  advantage. 

(i)  IdetaUic  chfeds^  eoinsy  and  meddU,  &c.,  are  moulded  from  in 
fusible  metal,  guttapercha  and  marine  glue,  plaster  of  Paris,  or 
composition ;  the  surface  should  generally  be  rubbed  with  sweet 
oil  to  prevent  adhesion ;  or  if  it  is  not  objectionable,  they  may 
be  weU  polished  with  plumbago. 

(2)  Plaster  casts  may  be  moulded  from  in  plaster,  in  which 
case  they  must  be  rendered  perfectly  non-absorbent  by  the 
means  described  §  664 ;  they  may  also  be  copied  in  composition, 
in  which  case  they  must  not  be  so  prepared,  or  the  object  and 
mould  will  adhere,  but  must  be  so  saturated  with  water  that 
the  surface  is  moist  but  not  wet,  at  which  stage  the  composition 
can  be  poured  on. 

(3)  Wax  or  Sulphur  objects  may  have  moulds  taken  from  them 
in  plaster.  ^         , 
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652.  Fusible  Metal  ob  Guchee. — This  material  has  the 
advantage  of  requiring  no  preparation  to  render  it  oondncting, 
and  is  connected  by  simply  pressing  a  heated  tinned  wire  on 
any  suitable  spot,  and  protecting  by  varnish  the  parts  not  to  be 
deposited  on.  The  principal  objection  to  its  nse  is  the  deamess 
of  bismuth,  to  which  the  ready  fusibility  is  due.  The  mixtures 
most  available  are : 

Lead.        Tin.      Antimony.  Bismuth.      Fuse  at 

(i)    5  3  o  8  212° 

m    5  4  I  8 

(3)  I  I         Cadmium.        2  200^ 

(4)  4  2  1-5        7-5  151° 

The  metals  are  to  be  melted  and  added  in  the  order  in  which 
they  are  arranged,  stirred  well  together,  and  granulated  by 
pouring  gently  into  water.  The  alloy  should  i^en  be  melted 
afresh,  and  granulated  two  or  three  times  to  insure  complete 
mixture.  The  value  of  these  bismuth  alloys  ariises  from  their 
assuming  (as  solder  does  also)  a  pasty  condition  before  setting, 
and  from  their  expanding  in  the  act  of  cooling,  thus  taking  a 
very  sharp  impression.  A  small  paper  case,  such  as  a  pillbox 
cover,  a  little  larger  than  the  medal  to  be  copied,  is  slightly 
oiled,  and  sufficient  melted  alloy  is  poured  in ;  it  is  then 
placed  on  a  table,  and  stirred  with  a  piece  of  card  tiU  it  becomes 
pasty ;  its  surface  is  then  lightly  swept  free  of  any  oxide,  by 

rsing  th^  edge  of  a  card  over  it,  and  the  medal,  which  should 
attached  to  a  holder,  is  brought  sharply  and  firmly  down 
upon  the  metal,  pressed  till  it  sets,  and  left  on  till  the  whole 
is  cool. 

/^pence's  Metal,  which  is  an  easily  fusible  metallic  sulphide,  is 
an  excellent  material  for  taking  casts,  and  the  process  is  very 
similar  to  that  with  fusible  metal. 

653.  GuTTAPEBOHA  is  a  good  moulding  material,  and  takes 
blacklead  very  readily;  but  as  it  shrinks  in  cooling,  it  must 
not  be  used  to  surround  any  object,  as  it  would  not  be  removable 
without  injury ;  for  the  same  reason  it  requires  to  be  kept  under 
strong  pressure  until  cold ;  it  is,  therefore,  best  adapted  to  flat 
objects.  It  should  be  well  softened  in  boiling  water,  and 
worked  together  in  cool  water,  and  a^in  heated  to  boiling 
temperature  and  formed  into  a  ball,  which,  being  applied  to  the 
middle  of  the  surface,  is  worked  out  in  all  Erections  at  the 
edges  of  contact,  so  as  to  prevent  any  air  being  inclosed ;  and  as 
soon  as  the  whole  is  evenly  covered,  it  should  be  put  under  a 
weight  or  press  to  cool,  for  which  purpose  an  ordinary  copying 
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press  answers  perfectly.  For  large  surfaces  sheets  may  be  used. 
They  shonld  be  warmed,  one  edge  brought  carefully  in  contact, 
and  the  sheet  gradually  lowered  while  an  assistant  presses  it  up 
to  the  object ;  in  this  case  the  sheet  must  be  new,  as  gutt«^ 
percha  oxidizes  and  forms  a  hard  sur&ce,  which  would  break 
up  and  de&ce  the  mould.  A  mixture  of  two  parts  of  gutter 
percha  melted,  and  one  part  marine  glue  added,  is  in  some 
respects  superior  to  guttapercha  alone.  The  glue,  which  has 
man^  uses,  is  best  bought,  as  it  is  troublesome  to  make;  it 
consists  of  I  lb.  caoutchouc,  soaked  for  twelve  days  (till 
dissolved)  in  four  gallons  of  coal  naphtha;  to  each  pound  of 
this  liquid  two  pounds  of  shellac  are  added,  and  heated  in  a 
closed  vessel  till  incorporated.  For  guttapercha  moulds  the 
objects  should  be  lightly  oiled  to  prevent  adhesion.  Gutta- 
percha is  not  suitable  for  use  with  cyanide  solutions  either  as 
moulds  or  for  lining  of  cells,  because  it  is  slowly  acted  upon. 

654.  Plaster  of  Paris. — ^This  is  sulphate  of  lime,  or  gypsum, 
deprived  of  its  water  of  crystallization.  This  is  effected  by 
heating  to  500°  Fahr. ;  if  heated  beyond  this,  it  loses  its  power 
of  setting,  but  when  properly  prepared  it  has  so  strong  an 
affinity  for  water  that  in  combining  with  it  a  solid  substance  is 
formeoi.  The  plaster  should  be  fr^,  and  it  is  best  to  warm  it 
before  use  in  an  oven,  or  over  a  fire,  till  it  bubbles  slightly  * ; 
it  should  then  be  dropped  lightly  into  a  vessel  of  water,  the 
excess  of  water  poured  off,  and  the  material  worked  up  to  a 
jMuste  capable  of  being  poured  out.  The  object  to  be  copied  is 
oiled,  and  if  flat  is  placed  in  a  frame  of  sufficient  depth  and 
covered  with  a  thin  paste  of  plaster,  brushed  in  to  secure 
freedom  from  bubbles,  and  then  the  plaster  is  poured  over  till 
sufficiently  thick.  It  should  be  allowed  to  set  thoroughly 
before  removal,  and  then  baked  gently  to  remove  moisture. 
It  must  be  thoroughly  saturated  with  a  resisting  medium — 
tallow,  stearine,  or  paraffin ;  and  the  best  mode  of  doing  this 
is  to  place  the  mould  with  its  face  upwards  in  a  vessel  con- 
taining a  little  of  the  melted  substance,  and  heat  till  the  face 
shows  that  the  protecting  agent  has  been  drawn  to  it  by 
capillary  action;  then  warm  the  mould  gently  by  itself  to 
remove  any  excess,  and  allow  it  to  cool  before  applying  the 
plumbago.  Some  use  boiled  oil,  but  it  is  not  safe,  as  it  requires 
to  be  very  thoroughly  dried  before  it  can  be  trusted  in  the 

*  A  very  cnrious  phenomenon  occurs  daring  this  heating  of  plaster  and  many 
other  powders ;  they  assume  a  condition  like  fluidity,  and  may  be  stirred  like 
water:  some  attribute  this  to  electrification  and  matual  repulsion  of  the  mole- 
cules ;  but  I  think  it  is  due  simply  to  the  expansion  of  the  film  of  air  which  coats 
each  particle,  as  in  §  642,  and  which  also  enables  a  needle  to  float  upon  water. 
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solution.  Monlds  well  made  can  be  repeatedly  nsed,  and  the 
saturating  material  can  be  recovered  afterwards  by  breaking 
into  pieces  and  boiling  in  water,  when  the  substance  will  melt 
and  form  a  film  on  the  water  when  cold. 

655.  Wax  Composition. — Many  materials  have  been  reoom- 
mended ;  the  object  of  the  mixtures  is  to  prevent  undue  shrink- 
ing: this  is  partly  effected  by  addition  of  powders,  such  as 
flake  white,  carbonate  of  lead  (which,  however,  is  jMirtly  acted 
on  by  the  solutions),  plaster  of  Paris,  red  ochre  or  plumbago 
(powdered  graphite),  which  assists  in  producing  a  quick  and 
even  coating.    The  best  mixtures  are 


Wax. 

Resin. 

Ste&rine 

3 

•  • 

I 

I 

I 

•  • 

The  wax  is  the  ordinary  yellow  beeswax,  and  the  stearine  such 
as  is  used  for  composition  candles.  The  materials  should  be 
melted  together  gently  two  or  three  times,  and  should  be  poured 
on  the  model  just  as  part  of  the  material  begins  to  set,  not 
while  fluid.  The  object  is  to  be  oiled  and  placed  in  a  flat  vessel, 
or  if  round,  as  a  coin,  a  piece  of  paper  should  be  tied  round  it ; 
it  should  be  slightly  inclined  when  the  material  is  poured  on, 
so  that  this  may  rise  steadily  over  the  surface,  and  drive  off  all 
air-bubbles ;  when  set,  the  paper  band  should  be  removed  and 
the  whole  allowed  to  cool  for  several  hours  before  the  mould  is 
detached.    See  also  §  660. 

656.  Solid  Objects. — Moulds  of  these  have  to  be  taken  in 
two  separate  parts.  They  should  be  bedded  to  half  their  depth 
in  fine  sand  or  other  powder,  in  a  case  large  enough  for  the 
purpose,  and  three  or  four  pegs  or  wires  fixed  in  and  proiecting 
from  the  surface  of  the  saud;  the  moulding  material  is  then 
poured  on,  and  when  cold,  the  case  is  reversed,  all  the  sand 
removed,  the  surface  of  the  mould  trimmed  and  prepared  so  as 
to  prevent  adhesion,  and  then  material  is  poured  on  so  as  to 
inclose  the  object  entirely;  when  cold  the  two  halves  are 
separated;  deposits  may  be  made  upon  each  mould,  and  the 
edges  united  with  solder.  Some  objects  may  require  more  than 
two  divisions  of  the  mould,  but  by  similar  means  (which  are,  in 
flEtot,  the  ordinary  process  for  casting  metals)  any  complicated 
object  may  be  copied,  unless  the  elastic  mould  process  is 
preferred. 

657.  Boots  and  Undercut  Objects. — ^The  latter  cannot  be 
moTuded  from  direct.    They  can  have  a  mould  taken  in  the 
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elastic  material  next  described ;  in  this  may  be  formed,  of  wax 
composition,  a  dnplicate  of  the  object,  from  which  again  a  mould 
may  be  made  of  plaster  and  the  wax  melted  out,  thus  producing 
a  hollow  mould  which  will  be  necessarily  impervious,  and  in  whick 
the  deposit  can  be  ^ected.  Hollow  silver  vessels  have  been 
made  in  this  way,  by  depositing  a  copper  coating  on  the  wax 
duplicate,  which  being  melted  out,  silver  is  deposited  within 
the  copper,  which  is  then  dissolved  off  by  the  process  given 
§§  647  (3),  or  by  making  the  object  the  anode  in  sulphate  of 
copper  solution  with  a  current  of  low  density,  as  soon  as  any 
silver  is  exposed. 

658.  Elastic  Moulds. — Glue  is  soaked  in  water  till  soft,  and 
then  melted  in  a  water-bath  as  usual,  and  to  it  is  added  one 
fourth  of  its  dry  weight  of  treacle ;  this  forms  an  elastic  com- 
position such  as  printers'  nailers  are  made  of,  and  if  carefully 
treated  may  be  melted  and  used  many  times.  To  make  the 
mould,  a  vessel  is  to  be  taken  large  enough  to  contain  the  model, 
which  must  be  itself  duly  prepared  to  prevent  adhesion,  and  if 
hollow,  filled  with  sand  and  a  stout  paper  pasted  over  the 
opening ;  the  vessel  is  to  be  oiled  inside,  the  object  stood  within, 
and  the  composition  poured  gently  over  it.  After  standing  24 
hours  to  cool  and  set,  the  whole  is  shaken  out  of  the  vessel,  and 
a  sharp  clean  knife  run  through  from  top  to  bottom  in  the  most 
suitable  line,  when  with  care  the  mould  may  be  opened  and  the 
model  withdrawn ;  the  mould  is  then  closed  and  a  stout  paper 
cylinder  formed  around  to  suppoit  it.  This  mould  is,  of  course, 
unfit  to  use  with  liquids ;  a  fresh  model  is  formed  within  it  of 
some  mixtures  of  wax,  &c.,  the  composition  of  which  is  intended 
to  produce  a  material  which  will  take  a  good  cast,  and  will  also 
melt  at  a  heat  which  will  not  injure  the  mould,  for  which  reason 
also  it  should  be  poured  in.just  when  it  shows  a  commencement 
of  setting,  not  when  just  melted.  Equal  parts  of  beeswax  and 
resin,  with  a  little  tallow  and  powdered  graphite,  may  be  used, 
but  tiie  preparation  described  §  660  is  best  for  forming  deposits 
direct  upon  the  model. 

6^9.  Elastic  moulds  may  be  prepared  so  as  to  resist  the  action 
of  liquids,  by  adding  to  the  mixture,  immediately  before  use, 
tannic  acid  equal  to  2  per  cent,  of  the  dry  glue ;  or  about  i  per 
cent,  of  bichromate  of  potash  may  be  added,  or  the  mould  itself 
mav  be  placed  for  a  minute  or  two  in  a  strong  solution  of 
bichromate  of  potash:  this  salt  has  the  property  of  making 
gelatine  insoluble  when  exposed  to  a  strong  light,  which 
property  is  the  basis  of  the  photographic  process  of  lithography 
and  other  modes  of  reproducing  drawings,  &o. 
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660.  Parkes's  material  consists  of  5  lbs.  beeswax,  and  5  lbs. 
deer's  fat  melted  gently  together,  with  6  oz.  or  8  02.  of  the 
following  solution  added : — 

Phoepharus  Solution. — i  part  by  weight  of  phosphoros  diB> 
solved  in  I  ^  of  bisulphide  of  carbon :  this  has  the  property  of 
reducing  nitrate  of  silver  and  chloride  of  gold,  weak  solutions 
of  which  are  to  be  provided  and  employed  as  described,  §  661. 

661.  Insects,  Flowers,  Lagb,  and  many  other  delicate  objects 
can  be  given  a  beautiful  metallic  coating. 

(i)  Immerse  in  a  solution  composed  of  the  phosphorus  solu- 
tion (§  660),  to  which  is  added  (in  proportion  to  i  lb.  of 
phosphorus)  i  lb.  wax,  i  pint  spirits  of  turpentine,  and  a  oz. 
of  caoutchouc  dissolved  with  one  pound  of  asphaltum  in  bisul- 
phide of  carbon. 

(2)  Immerse  in  solution  of  nitrate  of  silver  containing  about 
I  dwt.  of  silver  to  the  pint.  The  object  blackens,  when  it  is  to 
be  removed  and  washed ;  it  will  then  take  a  deposit,  but  will  be 
improved  by  the  next  solution. 

(i)  Immerse  in  solution  of  chloride  of  gold  containing  4 
grains  of  gold  to  the  pint. 

The  object  should  be  first  carefuUy  attached  to  the  connecting 
wire  before  the  immersions,  and  after  them  washed  by  gentle 
dipping  into  several  waters,  not  with  any  great  agitation,  as 
the  metallic  coating  is  a  mere  non-adherent  dust.  By  this 
process  there  may  be  made  the  most  beautiftd  objects  to  be  con- 
ceived, by  a  careful  selection  of  the  feathered  grasses,  and  some 
of  the  finer-leaved  flowers;  coating  with  silver,  copper,  and 
gold,  and  producing  difierent  colours  on  these  metals,  which 
should  of  course  be  in  very  thin  films  ;  they  need,  however,  to 
be  put  under  a  glass  shade  cemented  to  its  stand  so  as  to  be  air- 
tight. Elegant  ornaments  may  be  made  also  from  some  of  the 
finer  Parian  and  other  earthenware  covered  in  this  manner,  and 
variegated  with  bright  and  dull  parts  and  colours.  But  the 
best  mode  of  depositing  metals  upon  ghus  or  earihenvxtre  is  to 
have  gold  put  upon  them  by  the  usual  process  of  burning  in, 
and  then  depositing  upon  this ;  in  this  way  mountings  can  be 
attached  to  the  edges  of  vessels,  or  metallic  figures  built  up  as 
ornaments,  first  in  copper  and  then  silvered  or  gilt  and  coloured 
at  pleasure.  Leaves^  &c,^  may  also  be  copied  by  taking  a  flat 
.sheet  of  warmed  guttapercha,  dusting  over  with  gold  bronze,  or 
fine  plumbago,  laying  on  the  leaves,  sea-weed,  ^c,  then  cover- 
ing with  a  polished  metal  plate,  and  screwing  gently  up  in  a 
press. 

66a.  Conducting  Surface. — The  best  known  process  of  render- 
ing the  surface  of  non-metallic  objects  conducting,  is  to  coat 
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them  with  a  film  of  plumbago  or  blacklead.  The  ordinary 
article  sold  for  household  use  cannot  be  relied  on ;  it  is  best 
obtained  of  a  dealer  in  scientific  apparatus,  because,  though 
they  charge  a  very  long  price  as  compared  with  the  common 
article,  a  little  also  goes  a  very  long  way,  and  much  trouble  is 
saved.  The  gas  carbon  used  for  plates,  &c.,  if  very  carefully 
ground  in  water,  answers  perfectly.  The  connectiDg  wire 
should  be  carefully  adjusted  to  the  mould,  by  imbedding  in  the 
plaster,  or  in  other  materials,  by  warming  and  pressing  in,  and 
great  care  must  be  taken  to  make  the  plumbago  film  commence 
in  contact  with  this  wire.  In  large  moulds  it  is  desirable  to 
arrange  the  conductor  before  moulding,  and  to  solder  to  it  ' 
(within  the  space  to  be  occupied  by  the  mould)  a  number  of  fine 
copper  wires,  the  ends  of  which  are  to  be  placed  in  contact 
with  various  parts  of  the  surface  of  the  object,  selecting  points 
not  likely  to  be  defaced,  and  especially  the  deepest  points  of 
any  cavities;  the  points  of  these  wires  will  form  so  many 
stewing  points  and  junctions  with  the  plumbago ;  with  medals, 
&c.,  it  IS  best  to  take  a  wire  all  round  the  circumference.  Wires 
may  be  applied  during  the  first  period  of  depositing,  so  as  to 
touch  the  finished  mould  on  its  face  and  form  temporary  con- 
nections which  are  to  be  taken  away  as  soon  as  a  complete  film 
has  formed  over  the  whole  surface.  Such  wires  should  be 
rendered  non-conducting,  except  at  the  points,  by  painting  over 
with  varnish,  so  that  they  shall  not  take  deposit  themselves ; 
they  should  be  removed  or  cut  away  as  soon  as  a  clear  film  of 
metal  has  formed  over  the  whole  surface.  The  plumbago  is 
best  appUed  with  a  camers-hair  brush,  working  it  lightly  in, 
and  occasionally  breathing  lightly  on  the  surface  if  the  powder 
does  not  readily  adhere ;  m  some  cases,  where  there  is  obstinate 
non-adhesion,  the  spot  may  be  held  for  an  instant  over  the 
mouth  of  a  bottle  containing  spirits  of  wine.  In  some  cases 
plumbago  is  tinsuitable,  as  when  a  hollow  vessel  much  undercut 
or  chas^  is  to  be  copied ;  in  this  case  the  phosphorus  solution 
and  process  described  §  660  is  best  employed.  I  have  advised 
the  use  of  powdered  graphite  in  moTilding  materials,  with  the 
object  of  facilitating  this  coating  and  connection,  as  it  renders 
the  materials  partially  conducting.  Some  recommend  placing 
the  mould  in  a  dilute  solution  of  sulphate  of  copper,  dusted  with 
fine  iron  filings  which  precipitate  a  film  of  copper  mud  which  is 
to  be  gently  brushed  over  the  blackleaded  surface  and  into  all 
hollows  so  as  to  make  a  thin  layer  of  copper  upon  which  the 
deposit  forms. 

663.  Stopping    off. — ^Wherever    plumbago    has    accidentally 
touched  parts  not  intended  to  be  deposited  on,  and  also  in  medals 
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when  only  the  faoe  is  intended  to  be  copied  and  yet  there  is  a 
wire  all  round,  every  part  not  to  be  deposited  on  should  be 
coated  with  a  non-conductiDg  film ;  either  resin  or  varnish  or 
melted  wax  will  answer  in  acid  solutions,  but  paraffin  thinned 
with  benzoline  may  be  generally  used. 

For  cyanide  sohtionSy  especially  when  used  hot,  the  very  best 
copal  varnish  with  a  little  rouge  mixed  with  it,  is  probably  the 
best  stopping.  But  a  composition  is  used  consisting  of  clear 
rchin  10  parts,  beeswax  6,  red  sealing-wax  4,  and  rouge  or  crocus 
3  parts,  all  of  the  very  best  quality  and  melted  together. 

664.  Laws  of  Electro-metallubot. — The  general  laws  of  the 
electric  circuit  studied  in  Chapter  YII.  gov,em  the  deposit  of 
metals.  In  the  older  works  on  the  subject  two  terms.  Quantity 
and  Intensity,  wei*e  much  dwelt  on,  and  the  ideas  thus  set  forth 
still  retain  their  ground  and  cause  much  confusion.  It  was 
upon  these  ideas  that  the  leading  and  most  original  writer  upon 
the  subject,  Smee,  based  his  laws,  and  in  order  to  derive  from 
these  past  labours  what  good  they  can  now  furnish,  and  then 
show  now  much  more  i^vantageous  are  the  results  of  later 
knowledge,  I  will  now  give  an  abstract  of  Smee's  own  experi- 
ments and  the  laws  he  deduced  from  them. 

665.  Sheets  Laws. — When  a  metallic  solution  is  subjected  to 
voltaic  action  the  metal  is  reduced,  but  not  always  in  the  same 
state.  If  we  dip  a  knife  into  a  solution  of  copper  sulphate, 
bright  copper  is  deposited ;  but  if  we  immerse  a  piece  of  zinc, 
the  copper  is  thrown  down  in  a  black  powdery  mass.  Again,  if 
zinc  is  immersed  in  an  ammoniacal  solution  of  copper  siuphate, 
the  metal  deposited  is  bright,  while  iron  in  a  dilute  and  acid 
solution  of  the  sulphate  reduces  black  mettd.  Though  these 
are  apparently  simple  chemical  actions,  the  same  diversity  of 
deposit  is  obtained  electrically.  Thus,  if  we  take  a  saturated 
solution  of  copper  sulphate,  and  pass  through  it  a  feeble  current, 
crystalline  copx>er  is  deposited ;  if  we  dilute  the  solution  with 
two,  three,  or  four  times  its  bulk  of  water,  the  metal  is  deposited 
in  a  flexible  condition  (which  Smee  calls  ''  reguline") ;  on  dilu- 
tion to  a  very  great  extent,  the  metal  deposits  as  a  fine  black 
powder.  By  placing  in  a  tall  vessel,  quietly,  so  that  they  do 
not  mix,  a  strong  solution,  then  a  weaker,  and  lastly  water  with 
traces  of  acid,  after  a  little  while  a  perfect  gradation  of  strength 
is  reached,  and  if  two  copper  plates,  extending  through  all  the 
strata,  are' connected  to  one  galvanic  cell,  the  varying  conditions 
will  produce  all  these  classes  of  deposit  at  the  same  time  on  a 
single  electrode — black  powder  at  top,  reguline  metal  at  the 
middle,  crystalline  copper  at  the  bottom.  From  this  fact  the 
conclusion  is  to  be  drawn  that  the  nature  of  the  deposit  depends 
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upon  the  strength  of  the  solution.  Again,  taking  a  solution  of 
copper,  with  some  add  in  it  to  make  it  a  good  conductor,  and 
using  with  it  first  a  very  small  cell,  then  two  or  three  ordinary 
cells  arranged  in  series,  and  then  a  very  intense  battery,  we, 
with  this  one  solution,  again  obtain,  first  a  crystalline,  then  a 
reguline,  and  finally  a  black  deposit ;  showing  that  the  amount 
of  electricity  passing  also  controls  the  state  of  the  deposit. 
Therefore  *'  we  are  forced  irresistibly  to  the  conclusion  that  to 
obtain  with  certainty  any  particular  metallic  deposit,  we  must 
regulate  the  galvanic  power  actually  passing  to  the  strength  of 
the  metallic  solution.  This  is  the  fimdamental  principle — the 
very  essence,  in  fewt,  of  "electro-metallurgy."  Henoe  are 
derived  these  lawp : — 

L  Black  deposit  is  produced  when  the  current  is  so  strong,  as 
compared  with  the  strength  of  the  solution,  that  hydrogen  is 
set  ^ee  at  the  negative  plate. 

II.  Crystalline  metal  is  deposited  when  the  current  is  so  weak, 
as  compared  with  the  solution,  that  there  is  no  tendency  to 
evolve  hydrogen. 

m.  Metals  are  reduced  in  the  reguline  state  when  the  current 
so  balances  the  strength  of  the  solution  that  it  is  insufficient  to 
actually  set  gas  free,  but  produces  a  strong  tendency  thereto. 

There  are  also  two  forms  of  crystalline  deposit — one  of  a  sandy 
loose  character,  due  to  deficiency  of  the  quantity  of  current  in  a 
strong  solution ;  the  second  to  a  large  quantity  of  current  as 
compared  with  the  size  of  the  plate ;  thus,  by  using  a  large 
anode  with  a  small  cathode  in  a  strong  solution,  large  crystcda 
of  extreme  hardness  are  produced. 

666.  There  can  be  no  doubt  that  Smee,  by  setting  forth  these 
ideas,  did  much  towards  developing  electro-metcdlurgy ;  yet 
they  are  only  very  partially  true.  The  experimental  bases  are 
imperfectly  comprehended,  and  the  laws  deduced  are  incapable 
of  exact  application* 

Any  one  who  has  mastered  the  relation  of  current  to  force 
and  resistance  will  see,  when  it  is  pointed  out,  that  the  funda- 
mental experiment  is  fallacious ;  for  though  the  same  battery 
and  electrodes  are  in  action,  the  rate  of  current  will  vary  at 
different  heights,  and  no  certain  deduction  can  be  made,  except 
this  one,  of  supreme  practical  importance — ^that  stratification 
of  the  liquids  should  be  carefully  avoided  by  frequent  stir- 
ring up.  It  is  evident  that  in  such  a  stratified  solution  as  is 
described  each  layer  has  different  conditions  of  resistance  and 
counter  E  M  F,  and  therefore  an  uneven  distribution  of  current 
results. 

667.  Strength  of  Solution.— An  instructive  experiment  may 
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be  arranged,  which  does  really  show  the  relation  of  deposit  to 
strength  of  solution,  by  preparing  six  cells,  containing — 

I.  Saturated  solution  of  copper  sulphate. 
2i  „  „  „  I  part,  water  2  parts. 

3*  »>  »»  '»  ^        »  4    »» 

4*  >»  »>  "  '        j>  8    „ 

5»  I,  »'..".      3  P*^^'  water  i  part, 

containing  ^th  its  voL  of  sulphuric  add. 
6.  I  part  of  No.  5.    Water  i  part. 

These  being  arranged  in  series  by  means  of  plates  of  copper 
I  X  I  inch,. coated  on  one  side  with  paraffin,  have  the  current 
passing  under  perfect  control  and  necessarily  equal  in  alL  By 
using  plates  of  this  size  the  relations  of  current  to  area  of  sur- 
face are  also  studied. 

In  such  an  experiment  I  have  found  differences  in  the 
qualities  of  the  copper,  bnt  nothing  like  what  occurs  in  Smee*s 
experiments.  The  teachings  as  to  strength  of  solution  and  its 
influence  were  but  small,  for  I  found  good  deposits  in  all  with 
great  ranges  of  current.  The  teaching  as  to  gwiliiif  of  solution 
was,  however,  very  important,  for  in  all  cases  the  deposit  in 
No.  5  was  by  far  the  best — bright  coloured,  silky  surface— even 
in  thickness,  and  tough  in  texture ;  No.  6  came  next,  and  Na  i 
was  the  worst. 

668.  The  real  laws  of  electro-metallurgy  are  the  ordinary 
laws  of  the  current  known  as  Ohm's  formulae ;  these  have  been 
already  folly  examined,  and  we  need  now  deal  only  with  their 
special  application.  We  have  to  balance  the  electromotive  force 
and  the  resistance  of  the  battery  against  the  resistance  of  the 
depositing  cells  in  proportion  to  the  rate  of  deposit  we  require, 

TT 
according  to  the  formula  ^  =  C,  and  we  must  regulate  the 

a 

density  of  the  current^  §§  674,  698  (which  we  have  hitherto  had 
nothing  to  do  with)  to  the  size  of  surface  we  have  to  deposit 
upon,  and  the  quality  of  metal  we  wish  to  produce. 

669.  ElectromoUw  Force  should  be  kept  as  low  as  is  consistent 
with  proper  speed  of  working,  because  it  is  expensive :  that  is, 
we  should  use  no  more  cells  &an  are  necessary  in  series.  Each 
reaction  has  an  electromotive  force  suited  to  it ;  less  will  either 
not  work  or  work  very  slowly ;  more  is  waste,  because  instead 
of  adding  cells  to  force  the  work,  we  ought  to  correct  the 
resistances  to  the  natural  conditions  of  the  work.  We  should 
only  add  cells  when  we  wish  to  produce  a  more  rapid  deposit 
than  the  natural  state  of  resistances  allows,  and  then  the  quality 
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of  the  deposit  is  likely  to  Buffer.  The  question  of  oost  is  of  less 
moment  where  dynamo  machines  are  used,  but  the  quality  of 
the  metal  and  its  colour  have  to  be  considered :  with  machines, 
however,  we  have  generally  provided  an  EMF  in  excess  of 
what  is  required,  and  the  process  of  management  consists  in 
lowering  it  either  by  adding  resistances  or  by  shunting  off  a 
portion  of  the  current. 

670.  The  electromotive  forces  of  the  batteries  useful  for 
electro-metallurgy  are,  roughly  and  for  average  continuous 
working,  in  volts : — 

1.  Copper,  zinc,  in  acid  ..      «3 

2.  Platinized  silver         ..      .. '5 

3.  Daniell i' 

4.  Nitric  acid  cells i*6 

These  give  results  in  B.  A.  units  of  current  or  amperes ;  and 
if  multiplied  by  5  *  68,  give  the  current  in  chemics,  and  there- 
fore express  at  once  the  weights  of  any  metal  d^osited  in  a 
given  time  by  aid  of  the  equivalents  given  in  Table  XIII. 
p.  319,  or  in  §  632. 

The  electromotive  forces  required  for  depositing  metals  are,  in 
volts,  about : — 

1.  Copper '5  to  I 

2.  Silver 1*5  „  2 

3.  Gilding        -5  „  3. 

That  is  to  say,  i  Smee  or  Daniell  is  enough  for  coppering,  3 
Smees  or  i  Grove  for  silvering,  while  gilding  may  be  effected 
with  from  i  Smee  to  2  Groves,  according  to  the  conditions  of 
the  work  ;  providing  in  all  cases  power  is  not  wasted  by  need- 
less resistance,  bad  connections,  thin  wires,  &c. ;  but  higher 
forces  are  required  to  obtain  qtiick  deposits.  In  fact  the  real 
test  in  all  cases  is  the  production  of  that  density  0/ current  which 
experience  proves  to  be  best  adapted  to  the  particular  solution 
and  the  actual  work. 

671.  Benstances  should  be  balanced  so  as  to  be  about  equal  in 
battery  and  celL  This  may  be  roughly  put  thus :  the  surfaces 
exposed  of  zinc  and  negative  in  battery,  of  object  and  dissolving- 
plate  or  anode  in  depositing  cell,  should  sJl  have  nearly  the 
same  area  (except  in  gilding,  where  resistance  is  needed).  The 
resistance  may  be  greatly  varied  in  the  depositing  cell  by 
changes  in  size  of  anode  and  distance  apart  Thus  it  will  be 
seen  in  §§  680-3,  that  in  some  cases  it  is  very  desirable  to  have 
some  distance  between  the  plate  and  the  object,  which  increjUses 
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resistanoe.    In  these  cases  this  may  often  l3e  met  by  enlarging 
the  size  of  the  anode,  which  diminishes  resistance. 

672.  It  is  desirable,  however,  to  use  large  plates  in  the 
battery,  because  large  cells  work  best ;  and  then  if  small  oBjects 
only  are  to  be  deposited  on,  and  the  density  of  the  current  is  too 
large,  owing  to  the  disproportion,  external  resistance  (as  a 
length  of  wire)  may  be  introduced,  enough  to  reduce  the  current 
to  Sie  proper  proportion ;  or  if  the  construction  of  the  battery 
permits,  the  distance  between  the  plates  or  that  in  the  cell  may 
be  increased  su£&ciently  for  the  purpose ;  or  a  smaller  anode 
may  be  used,  though  this  is  often  disadyantageous. 

673.  The  most  convenient  regulator  is  something  like  the 
commutator  of  the  galvanometer,  p.  2o8.  It  can  be  made  on  a 
board  about  i8  inches  long;  at  the  one  end  is  a  strong  metal 
pillar  connected  to  the  +  of  the  battery,  and  having  a  strong 
spring  connected  to  its  upper  part,  which  traverses  a  number  of 
studs  arranged  in  a  semicircle  around  it :  from  these  wires  go 
along  the  length  of  the  board,  beginning  at  No.  i  stud  and 
going  backwards  and  forwards  to  screws  in  the  board,  and  00 
from  stud  to  stud,  so  that  increased  lensth  of  wire  is  inserted 
as  the  spring  is  passed  along  the  studs :  ine  first  wire  should  be 
a  thick  one  and  the  successive  lengths  may  be  thinner  and 
thinner,  so  as  to  increase  resistance:  No.  i  stud  is  also  con- 
nected to  the  anode  of  the  depositing  vessel,  so  that  any  current 
entering  this  must  pass  the  regulator. 

674.  Density  op    Cuerent. — According  to  Ohm's  formula 

E 

15  =  0  we  can  calculate,  knowing  the  elements,  the  current  pro- 
duced in  any  case.  Thus  taking  i  Daniell  cell  as  i  volt  force, 
and  assuming  the  total  resistance  as  i  ohm  in  a  circuit  in  which 
copper  is  being  deposited,  we  have  i  ampere  per  second,  or  a 
current  equal  to  5*68  chemics  or  grain  equivalents  per  ten 
hours;  under  those  conditions  the  galvanometers  (described, 
§§  332-3)  would  mark  5*68 ;  and  this,  multiplied  by  31  -75,  the 
equivalent  of  copper,  shows  that  copper  is  being  deposited  at 
the  rate  of  1 70  grains  per  ten  hours,  or  1 7  per  hour.  This  is  the 
total  current,  and  it  is  evident  that  the  conditions  of  the  deposit, 
the  quality  of  metal,  <S?c.,  will  depend  wholly  on  the  exteoit  of 
surface  over  which  it  is  spread  ;  on  a  large  plate  it  might  be  a 
mere  film,  on  a  wire  it  would  be  a  thick  coat.  This  is  what  is 
meant  by  detmty  of  current.  Now  there  is  a  relation  between 
density  of  current  and  the  state  of  saturation  of  the  depositing 
solution,  and  they  increase  together ;  the  more  dense  our  current, 
the  more  rapid  our  deposit  (not  from  the  solution  or  total  deposit, 
but  for  a  given  area),  the  stronger  our  solution  may  be,  and 
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must  be  to  get  good  metal.  But  very  strong  solutions  have 
drawbacks,  to  be  afterwards  considered;  and  we  cannot  con* 
veniently  alter  the  strength  of  our  solutions  continually.  We 
must  ascertain,  then,  what  range  of  density  of  current  suits 
our  solutions,  and  then  be  careful  to  keep  the  conditions  within 
that  range.  If  the  density  of  current  be  too  great,  we  get  a 
sandy  or  even  black  powder  as  a  deposit ;  if  it  is  too  slight,  we 
get  a  crystalline  brittle  deposit.  Happily,  the  range  is  con- 
siderable within  which  good  results  may  be  obtained. 

675.  As  yet  this  subject  has  never  been  philosophically 
treated ;  the  facts  are  known  and  the  matter  is  loosely  described 
in  works  on  the  subject ;  but  no  one  has,  within  my  knowledge, 
attempted  to  deal  with  it  definitely.  There  is  in  fact  no 
recognized  unit  of  density  of  current,  because  few  people  in 
practice  have  definite  ideas  upon  the  current  itself.  In  order 
that  my  readers  may  remedy  this,  I  will  fix  upon  a  unit  in 
accordance  with  the  system  used  throughout  this  work.  Our 
unit  of  current  is  the  chemic ;  call  our  unit  of  surface  one 
square  inch,  then  the  unit  of  density  of  current  becomes  one 
chemic  per  square  inch. 

676.  The  object  of  having  a  galvanometer  in  circuit  will  now 
be  seen,  as  well  as  the  special  advantage  of  the  forms,  §§  332-3. 
Any  galvanometer  will  show  if  all  is  going  on  right,  but  these 
show  at  a  glance,  not  only  the  total  work  doing,  but  in  electro- 
metallurgy will  tell  us  the  quality  of  metal  depositing,  and 
enable  us  to  regulate  the  conditions  to  produce  the  effect  we 
desire, 

677.  Tension. — The  ideas  attached  to  this  word  now  replace 
tho«e  formerly  described  as  due  to  "  Intensity."  We  are  con- 
cerned with  them  at  present  ohiefiy  as  part  of  the  conditions 
for  maintaining  the  requisite  current.  But  they  have  also 
another  bearing  to  which  little  attention  has  yet  been  paid.  As 
seen,  §§  598, 607,  the  plates  or  electrodes  act  as  condenser-plates, 
and  the  molecules  in  contact  with  them  will  necessarily  be 
under  different  conditions  according  to  the  stresses  to  which 
they  are  subject,  which  depend  upon  the  electromotive  force  of 
the  circuit,  the  resistance  between  the  plates,  and  the  proportion 
this  bears  to  the  total  resistance  of  the  circuit.  The  resulting 
effect  of  high  tension  at  the  electrodes  (that  is  to  say,  of  a  great 
distance  or  resistance  between  them  overcome  by  using  high 
electromotive  force)  is  a  deposit  of  hard  metal ;  low  tension  pro- 
duces a  softer  metal,  and  this  difference  is  due  to  the  molecular 
conditions  existing  at  the  electrodes  themselves;  for  all  other  con- 
ditions, such  as  strength  of  current  or  rate  of  deposit,  and  density 
of  current,  or  size  of  the  electrodes,  may  remain  the  same,  while 
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the  varying  hardness  of  deposit  is  controlled  by  the  differenoe 
of  tensions.  I  have  used  the  word  tension  here  in  a  general 
sense  rather  than  the  special  one  of  §  75.  Here  I  mean  that 
condition  of  active  stress  which  accompanies  a  large  EMF 
between  the  two  electrodes. 

678.  Arrangement  op  Objects.— This  inclndes  the  considera- 
tion of  several  distinct  sets  of  principles,  as  to  each  of  which  it 
is  very  desirable  to  obtain  clear  conceptions :  i.  The  position — 
horizontal  or  vertical.  2.  The  relative  proportions  of  object 
and  anode.  3.  The  distance  to  be  maintained.  As  to  each  of 
these,  I  will  give  experimental  illustrations,  which  I  recom- 
mend the  student  to  follow  out,  and  even  those  practically  well 
acquainted  with  the  subject  will  find  their  knowledge  become 
much  more  definite  and  exact  by  carefuUy  examining  the  con- 
ditions of  such  systematic  experiments.  To  obtain  their  full 
teachings  it  is  essential  to  have  in  the  circuit  a  galvanometer 
whose  readings  are  definite. 

I'he  solution  to  be  used  is  that  already  shown  to  be  beet  for 
all  objects  not  acted  upon  by  the  acid — viz.  3  parts  saturated 
solution  of  sulphate  of  copper  and  1  part  of  dilute  sulphuric 
acid,  I  to  10  of  water  by  measure.  I  have  tested  the  range  of 
density  of  current  such  a  solution  will  allow,  and  will  here  give 
the  experiments  and  results,  each  having  been  continued  for 
such  time  as  to  give  the  same  weight  of  copper  per  square  inch 
of  surface. 

679.  Bate  of  Deposit. — The  unit  of  density  is  that  taken 
§  675 — ^viz.  I  chemic  of  current  or  i  equivalent  in  ten  hours 
(that  is,  nearly  22  grains  of  copper),  upon  i  square  inch  of 
surface ;  and  in  the  experiments  a  quarter  equivalent  was  de- 
posited, i.  e.  8  grains,  giving  a  thickness  equal  to  stout  paper. 
The  experiments  were  all  made  with  a  large  Daniell's  cell,  and 
the  current  varied  by  means  of  resistances. 


I. 

•I 

unit 

taking 

30    hours 

:  excellent  coating. 

2. 

'2 

» 

15 

» 

good  tough  copper. 

3- 

•5 

»» 

5 

» 

a  beautiful  deposit. 

4- 

!• 

»» 

2;i 

» 

very  good. 

5- 

2- 

»» 

I: 

» 

sandy  at  edges. 

6. 

3" 

i> 

» 

bad  all  round  the  edge. 

The  first  four  deposits  were  hardly  distinguishable;  the 
metal  was  tough  and  tore  without  cracking.  As  with  all 
deposited,  and  therefore  crystalline,  metals,  none  would  bear 
doubling  flat ;  but  after  heating  red-hot,  they  could  be  hammered 
double,  and  opened  without  cracking.    In  5  and  6  the  middles 
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were  good  enoagH,  but  the  metal  round  the  edges  waa  of  a 
loose,  sandy  nature. 

It  would  therefore  appear  that  the  rate  of  deposU  of  oopper 
(that  is  the  suitable  density  of  current)  should  not  ezoeed  i^ 
xuiits,  but  that  it  may  be  as  much  less  as  is  desirable  without 
injury  to  the  quality  of  the  metal.  This  is  a  rate  of  about 
I  ampere  per  6  square  inches  upon  a  smooth  surface,  which  is 
24  amperes  per  foot  or  lb.  1*5  per  24  hours. 

Each  metal  however,  and  each  Jcind  of  solution  of  each  metal, 
has  its  own  proper  density  of  current,  and  one  solution  will 
vary  in  the  case  of  inconstant  solutions,  such  as  the  cyanides, 
while  temperature  will  greatly  vary  the  suitable  density  of 
current. 

Also  the  nature  of  the  surface  must  be  taken  into  account,  as 
one  with  projecting  points  or  a  granular  surface  will  work 
badly  with  the  same  current  which  deposits  admirably  on  a 
smooth  surface. 

680.  Position. — ^Place  a  strip  of  copper,  at  least  4  inches  long, 
vertically  in  a  vessel  with  a  corresponding  anode,  and  pass  a 
small  current,  leaving  the  apparatus  undisturbed  for  some  days. 
It  will  be  found  that  the  anode  is  dissolved  away  mostly  at  the 
top,  and  if  thin,  it  will  be  perforated  with  holes,  or  even  cut 
completely  through  at  the  surface  of  the  liquid.  The  cathode, 
or  receiving  plate,  on  the  contrary,  will  have  a  thick  coating  at 
the  bottom  and  least  of  all  at  the  top.  The  edges  will  be 
formed  of  groups  of  nodules,  forming  a  thick  edging,  and  the 
lower  comers  will  show  this  particularly,  and  bulge  out  some- 
what. Besides  this,  in  all  probability,  the  whole  surface  will 
be  marked  by  vertical  lines,  mostly  commencing  in  a  dot,  and 
forming  a  sort  of  prolonged  note  of  exclamation  (I).  Now 
repeat  this  experiment  in  a  rather  long  narrow  trough,  or  in  a 
vessel  with  a  porous  division,  or  even  in  two  glasses  connected 
together  by  a  siphon  or  some  thick  cotton  wick,  and  use  a 
saturated  solution  of  copper  sulphate  with  no  acid.  In  a  short 
time  the  anode  will  become  coated  with  small  crystals  of 
sulphate  of  copper,  which  will  entirely  stop  the  current,  and  the 
previously  noted  conditions  will  be  exaggerated  at  the  receiving 
plate  or  cathode. 

681.  The  explanation  is  to  be  found  in  the  actions  described 
§  627 ;  at  the  anode  copper  is  being  dissolved  and  the  solution 
becomes  stronger ;  the  newly  formed  salt,  being  heavy,  sinks, 
and  leaves  acid  when  present  above;  or  if  the  solution  is 
saturated  it  cannot  be  cUssolved,  and  is  therefore  crystallized 
where  formed.  At  the  cathode  copper  is  removed  from  the 
solution,  which,  becoming  lighter,  rises  along  the  face.    Now 
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take  a  tliin  glass  beaker,  oontaming  water  and  some  light 
powder,  and  hold  one  side  close  to  a  Bunsen's  burner,  and 
notice  the  conditions  of  a  heating  liquid ;  a  constant  stream  will 
soon  be  generated,  rising  along  the  warmest  side,  flowing  alon^ 
the  surface,  descending  along  the  cool  side,  and  flowing  along 
the  bottom.  This  circulating  stream  is  due  to  the  different 
specific  gravity  of  warm  and  cold  water.  Exactly  the  same 
conditions  are  produced  by  the  same  cause  in  the  depositing 
vessel ;  we  have  a  stream  of  lighter  acid  liquid  rising  up  the 
cathode,  flowing  along  the  surface,  and  impinging  on  the  anode, 
which  is  there  chiefly  acted  on ;  this  increases  the  weight  of  the 
liquid,  and  forms  a  corresponding  stream  down  the  anode  and 
along  the  bottom,  which,  reaching  first  the  lower  part  of  the 
cathode,  there  delivers  up  most  of  its  metal ;  in  consequence  of 
these  two  states,  the  line  of  least  electrical  resistance  becomes  a 
diagonal  one,  from  the  top  of  anode  to  bottom  of  cathode, 
instead  of  being  uniform  through  the  liquid  and  at  right 
angles  to  the  surface.  Most  writers  describe  this  action  as  due 
to  simple  stratification  of  the  liquid  owing  to  differences  of 
density.  This  is  erroneous,  as  the  liquid  would  not  stratify ;  it 
is  the  circulating  current  of  liquid  which  is  the  cause  of  the 
mischief,  and  the  evil  becomes  greater  as  the  height  of  the 
objects  is  greater.  This  current  is  the  cause  of  the  lines  and 
spots.  The  slightest  irregularity  of  surface  ^and  all  surfaces 
are,  scientifically  speaking,  rough)  deviates  tnis  current,  and 
the  obstruction  grows  every  instant  as  the  metal  is  deposited. 

682.  Now,  take  two  good-sized  plates  and  arrange  them  in 
the  solution  horizontally,  one  at  the  bottom,  the  other  at  the 
top  and  at  a  considerable  distance;  connect  this  latter  to  the 
zinc  of  the  battery  for  the  cathode.  In  a  little  while  the 
current  will  be  stopped,  if  from  one  cell ;  if  from  several,  so  as 
to  force  its  way,  the  cathode  will  be  found  covered  with  a  loose 
friable  deposit,  or  even  a  black  powder,  while  the  anode  will  be 
coated  with  crystals.  Clean  the  plates  and  replace  them,  but 
make  the  lower  one  the  cathode.  Now  a  good,  even  deposit 
will  go  on :  in  this  position  all  requirements  are  satisfied,  the 
acid  dissolves  the  anode,  the  product  descends  and  gives  up  its 
metal  to  the  cathode,  while  the  liquid  being  uniform  all  over 
the  surface,  the  electric  current  is  evenly  distributed.  This  is 
the  best  position,  therefore,  especially  for  large  flat  surfisMses  and 
deeply-cut  medallions,  4&0.,  but  it  is  rarely  employed  because  of 
its  inconvenience,  which,  however,  is  much  exaggerated.  The 
impurities  of  the  liquid  and  of  the  anode  are  precipitated  on 
the  deposited  plate  and  deface  it ;  but  this  may  be  avoided  by 
filtering  the  liquid  before  depositing,  and  placing  above  the 
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objects  a  frame  fitting  the  vessel  loosely,  and  covered  with 
muslin  or  net,  upon  the  snrface  of  which  is  laid  a  sheet  of 
filtering  or  blotting-paper.  Of  course  the  leading  wires  must 
be  coated  with  a  protecting  cement. 

683.  The  usual  position  (and  for  nearly  all  except  flat  objects, 
the  necessary  position)  is  one  of  vertical  suspension ;  in  this 
case  the  point  of  suspension  should  be  frequently  changed,  the 
liquids  be  frequently  stirred  up,  and  best  of  aU,  the  objects 
kept  in  constant  motion,  if  possible.  Means  have  been  devised  i 
to  cause  a  circulation  of  the  liquid,  but  they  have  mostly  failed,  j 
for  the  very  good  reason  that  regular  circulation  of  the  liquid 
is,  as  alretfkdy  shown,  the  very  thing  to  be  most  carefully 
avoided,  unless  it  is  directed  in  a  course  opposed  to  that  which 
would  be  set  up  naturally.  If  irregularities  are  seen  to  be 
forming,  they  should  be  removed  by  filing  off,  &c.,  as  they 
constantly  increase;  but  care  must  be  taken  to  attend  to 
instructions  as  to  the  removal  of  objects,  §  695,  or  else  the 
deposit  will  be  apt  to  form  in  non-adherent  layers. 

684.  Relative  Proportions  of  Anode  and  Cathode. — They 
should  be  nearly  equal  in  extent;  or,  the  anode  should  be 
slightly  the  larger ;  if  other  conditions,  as  to  position,  distance, 
<&c.,  be  attended  to,  the  relative  sizes  matter  little  as  regards 
the  actual  deposit  going  on,  but  if  they  differ  much,  the 
composition  of  the  solution  will  alter,  especially  if  large 
currents  are  passing.  Fig.  72,  p.  299,  will  assist  in  the  under- 
standing of  these  relations,  and  also  teach  how  best  to  arrange 
the  objects  so  as  to  equalize  as  much  as  possible  the  lines  of 
resistance,  and  therefore  of  proportional  current,  passing  from 
each  point  of  the  one  surface  to  points  on  the  other.  As  a 
consequence  of  the  modes  of  transmission  and  action  of  the 
current  described,  §  627,  there  is  not  in  all  cases  an  equal 
solution  of  anode  and  deposit  on  cathode,  and  thus  the  liquid 
may  be  impoverished  or  enriched  in  metal  according  as  the 
anode  is  too  small  or  too  large.  This  applies  more  to  cyanide 
solutions  than  to  acid  ones,  because  the  former  are  much  more 
complicated  in  their  chemical  constitution,  and  are  therefore 
much  more  liable  to  be  modified  under  the  influence  of  the 
current.    But  it  will  occur  even  in  copper  salts. 

685.  The  Distance  to  be  Maintained. — Place  two  small 
plates  of  copper  connected  to  a  single  cell  in  a  large  vessel  of 
copper  solution,  at  first  about  one  inch  apart,  and  note  the 
deflection  of  the  galvanometer;  now  gradually  increase  the 
distances  and  observe  the  steady  fall  of  the  deflection.  This 
indicates  that  the  resistance  to  the  passage  of  the  current 
increases  with   the    distance  between  the  plates.    Bend  the 
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receiving  plate  into  a  Y  form,  and  present  the  edge  towards  the 
anode,  and  it  will  be  fonnd  that  the  deposit  will  be  thickest 
there,  gradually  thinning  away.  In  the  same  way,  if  the 
receiving  plate  be  a  circle  or  sqoare,  and  the  anode  be  mnoh 
smaller  and  placed  near  and  opposite  iixe  centre,  the  deposit  will 
be  found  thick  in  the  middle,  and  thinning  gradually  away 
upon  the  flat  surface.  The  farther  the  anode  is  away,  the  less 
variation  will  there  be  in  the  thickness  of  the  deposit.  If  now 
we  draw  plans  of  these  arrangements  and  strike  Imes  across,  we 
shall  see  the  reason  is  to  be  found  in  the  principles  of  liquid 
conduction,  §  484 ;  wherever  these  connecting  lines  from  anode 
to  cathode  are  shortest,  there  will  the  deposit  be  the  greatest ; 
the  electric  current  distributes  itself  through  every  possible 
path  open  to  it  in  proportions  exactly  the  opposite  to  those  of 
the  resistances  each  path  offers.  Therefore  to  get  even  deposits 
upon  the  cathode,  the  anode  should  be  equally  distant  from  all 
parts  of  it.  This  is  easy  in  flat  plates,  and  these  may  therefore 
be  arranged  very  close  together;  in  circular  objects  the  same 
result  is  obtained  by  surrounding  them  either  with  a  large 
cylindrical  anode  or  by  suspending  strips  all  round  them. 
Whenever  objects  are  irregular  in  form,  and  especially  when 
the  surface  is  deeply  chased  or  undercut,  it  may  be  taken  as  a 
sound  principle  that  the  distance  apart  should  be  considerable 
in  order  to  diminish  the  difference  of  the  distances  of  the 
prominent  and  deep  parts  from  the  anode ;  in  such  cases  it  is 
desirable  also  that  the  action  should  be  slow,  in  order  to  allow 
the  exhausted  liquor  to  be  replaced  in  the  hollows  by  diffusion 
of  the  liquid.  This  is  of  especial  importance  in  coating  non- 
metallic  moulds ;  in  fact,  it  is  well  in  these  to  secure  deposit 
first  in  the  hollows,  by  presenting  into  them  the  point  of  a 
coated  wire,  as  the  only  anode  at  first,  for  it  is  by  no  means  un- 
common, though  very  vexatious,  to  find  these  hollows  obstinately 
refusing  to  take  a  coating  at  all  when  a  large  prominent  sur&oe 
around  them  has  secured  a  coating,  this  being  so  much  better  a 
conductor  than  the  film  of  plumbago.  As  a  rule,  better  and 
more  even  deposits  are  obtained  when  the  distance  is  con- 
siderable than  when  it  is  small;  the  drawback  is  that  either 
the  rate  of  deposit  is  diminished,  or  else,  in  order  to  maintain  it, 
great  battery  power  is  required.  These  are  elements  of  time 
and  cost  against  distance,  but  quality  of  deposit  is  in  its  favour. 
Another  advantage  of  placing  the  anode  and  cathode  at  a  con- 
siderable distance  is,  that  it  necessitates  large  vessels  and  a 
good  body  of  liquid,  conditions  opposed  to  the  setting  up  of 
currents,  and  tending,  by  the  greater  area  of  diffusion,  to  the 
maintaining  a  more  uniform  condition  in  cJl  parts  of  the  vessel 
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This  remark  applies,  of  course,  to  amateurs;  in  factories  the 
vessels  are  always  large,  and  the  anode  plates  and  objects  to  be 
deposited  npon  are  distributed  about,  according  to  the  number 
and  form  of  the  objects  to  be  operated  upon. 

686.  In  some  cases  it  may  be  desirable  to  control  and  vary 
the  rate  of  action  upon  different  objects  immersed  in  the  same 
solution,  or  to  ascertain  the  exact  amount  of  metal  deposited 
upon  such  objects.  This  may  be  easily  effected,  because  a 
number  of  electric  currents  may  be  passed  through  the  same 
solution  without  interfering  witti  eadi  other ;  it  may  even  be 
effected  from  a  single  anode. 

The  process  is  this :  instead  of  using  a  battery  of  size  suited 
to  the  total  work  to  be  done,  a  ntunber  of  small  batteries  are  to 
be  employed,  each  adapted  to  doing  the  work  required  upon 
one  article  or'  set  of  objects.  All  the  positive  poles  may  then 
be  connected  to  one  anode,  or  a  number  of  plates,  distributed 
about  the  solution,  but  acting' as  a  single  anode ;  the  negative 
wires  are  to  be  attached  separately  to  the  objects  upon  which 
each  is  intended  to  direct  the  current,  which  then,  by  the 
ordinary  means  of  resistance  and  galvanometers,  may  be  con- 
trolled and  measured.  An  extension  of  this  principle  will  be 
found,  §  745,  applied  to  the  purpose  of  controlling  iJie  state  of 
the  solution  and  the  process,  in  depositing  alloys. 

687.  Depositinq  Apparatus. — ^It  is  desirable  to  provide  a  means 
of  connecting  and  arranging  the  objects  without  trusting  to 
mere  wires,  which  are  also  troublesome,  and  apt  to  get  in  contact 
or  to  be  disturbed.  When  square  vessels  are  used  this  is  easily 
effected  by  having  bars  of  brass  acro&s,  with  a  clamp  at  one 
end  to  grip  the  vessel.  Fig.  78  shows  the  inner  angle  of  a 
frame  which  I  have  found  very  convenient  for  the  arranging  of 
objects.  A  is  a  bar  of  hard  wood  with  three  mortises  cut  into 
its  end  to  receive  the  three  flat  bars  of  wood  i,  2,  3  ;  the  lower 
side  of  I  and  the  upper  side  of  2  are  faced  with  strips  of  stout 
sheet  brass,  or  copper  silvered,  and  these  are  connected  to  the 
binding-screw  -|-  by  taming  the  ends  up  outside  A.  The  other 
end  of  the  frame  is  exactly  similar,  except  that  the  lower  side 
of  No.  2,  and  the  upper  one  of  3,  are  faced  or  connected  to  the  — 
binding-screw;  thus  at  the  end  shown,  a  is  a  metal-lined 
opening,  having  an  unlined  opening  corresponding  to  it  at  the 
other  end  of  the  frame,  while  the  opening  b  is  unlined  and 
its  corresponding  one  at  the  other  end  lined.  Metal  rods 
passing  through  these  openings  are  therefore  in  connection, 
the  upper  ones  with  the  +  and  the  lower  ones  with  the  — 
pole  of  the  battery.  B  is  such  a  rod,  the  end  flattened  out  and 
formed  into  a  spring,  which  presses  upon  the  plates  and  allows 
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the  rod  to  be  placed  as  desired  by  means  of  the  projecting  end. 
The  anode  plates  are  hung  upon  the  upper  rods  and  distributed 
as  required,  and  the  objects  are  slung  by  wires  from  the  lower, 

Fig.  78. 


or  —  rods,  which  are  connected  to  the  zinc  of  the  battery. 
This  frame  can  be  placed  over  any  vessel  if  provided  with  a 
support,  and  can  be  lifted  up  slightly,  and  moved  about  occa- 
sionally, to  disturb  the  liquid. 

688.  Motion  of  the  Objects. — The  quantity  and  quality  of 
work  done  are  both  improved  by  keeping  the  articles  in  motion. 
It  is  evident  that  the  solution  in  the  immediate  neighbourhood  of 
the  objects  is  being  impoverished  by  the  action,  as  explained 
§§  627-8,  because  Sie  actual  metal  is  dissolved  at  the  anode 
and  removed  at  the  cathode,  while  the  actual  molecular  trans- 
mission of  current  may  be  made  in  the  solution  by  atoms  of 
hydrogen  instead  of  metal :  this  of  necessity  alters  the  character 
of  the  solution;  and  motion  distributes  the  two  different 
portions.  But  the  current  is  diminished  by  the  —  E  M  F  due 
to  the  different  character  of  the  solution  at  the  two  electrodes. 

689.  If  a  cell  has  a  galvanometer  in  circuit,  it  will  be  seen 
that  the  deflection  increases  the  moment  the  electrodes  are 
put  in  motion :  the  cell  will  in  fact  do  from  10  to  20  per  cent 
more  work  if  constant  motion  is  maintained  than  if  the  articles 
are  at  rest. 

690.  The  simplest  mode  of  obtaining  motion  is  to  mount  the 
anode  plates  and  the  objects,  or  the  latter  alone,  upon  a  frame 
such  as  Fig.  78  fitted  with  four  little  wheels  running  upon  a 
rail  on  the  edge  of  the  vessel,  which  is  with  advantage  set  on 
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the  slope  so  as  to  give  rising  as  well  as  side  motions;  an 
exoentrio  wheel  and  rod  attached  to  a  shaft  from  an  engine  does 
the  work.  Amateurs  on  a  small  scale  can  use  an  ordinary 
roasting  jack  to  produce  the  same  effect. 

691.  Depositing  Solutions. — Before  describing  the  special  ^ 
solutions  for  use  in  each  case,  it  will  be  well  to  study  those  ; 
general  principles  applicable  to  all,  the  comprehension  of  which 
will  lead  to  intelligent  and  successful  working.  A  perfect  solu- 
tion would  be  one  which  contains  sufficient  metal  for  rapid  work- 
ing ;  will  give  it  up  freely  under  the  influence  of  the  current ; 
wUl  also  freely  attack  the  anode,  but  only  while  current  passes, 
80  as  to  keep  the  quantity  in  solution  uniform ;  and  which  has 
no  spontaneous  action  either  upon  the  metal  to  be  deposited  or 
that  on  which  the  deposit  is  to  be  effected.  All  these  qualities 
are  rarely  combined,  but  our  object  is  to  obtain  as  many  of  them 
as  possible.     In  selecting  salts,  therefore,  we  have  to  consider — 

(i)  Chemical  Be<ict%on8. — It  is  desirable  that  the  non-metallic 
radical  should  have  very  slight  power  of  attacking  the  metal, 
or  of  forming  basic  salts  with  it ;  thus,  sulphate  of  copper  is 
preferable  to  nitrate,  because  sulphuric  add  does  not  act  on 
copper  except  when  aided  by  extraneous  energy,  as  when  the 
current  passes.  But  it  is  essenticd  that  this  radical  should  have 
little  or  no  tendency  to  combine  with  the  metal  on  which  . 
deposit  is  to  take  place,  because  this  will  be  sure  to  prevent 
adhesion ;  thus  it  is  impossible  to  deposit  copper  direct  upon 
iron  from  the  sulphate  of  copper,  because  the  sulphuric  radical 
tends  to  combine  with  the  iron. 

(2)  SoluhUUy. — This  has  two  bearings — quantity  and  rapidity 
of  solution ;  a  salt  may  dissolve  abundantly  and  yet  slowly ;  or 
the  liquid  may  rapidly  become  saturated,  and  yet  very  little  be 
dissolved.  Thus,  sulphate  of  copper  dissolves  freely  enough  as 
to  quantity,  as  the  solution  contains  30  per  cent,  of  the  salt,  but 
it  dissolves  slowly^  and  the  consequence  is  that  as  fresh  salt 
forms  at  the  anode  it  is  very  apt  to  crystallize  there  instead  of 
dissolving,  so  that  it  is  necessary  to  have  sufficient  free  water 
present  to  prevent  this. 

Under  this  head  also  has  to  be  considered  the  necessity  for 
the  presence  of  some  free  solvoiit  besides  the  salt  itself.  Thus, 
in  copper  depositing,  free  sulphuric  acid  helps  greatly ;  and  in 
silver  depositing,  the  presence  of  free  cyanide  of  potassium  is 
essential  to  dissolve  the  cyanide  of  silver  as  it  forms. 

(3)  Electric  Besietance,  or  Condticiivity, — Of  two  or  more  solu- 
tions otherwise  equally  satisfactory,  one  may  be  a  much  better 
conductor  than  others,  and  the  importance  of  this  is  that  it 
requires  fewer  cells  in  series  to  work  it,  and  therefore  costs  so 

Digitized  by  VjOOQIC 


41d  SLBOTBO-HETALLtrteT.  fAS^- 

much  less.  It  is  from  this  point  of  view  also  we  must  consider 
chiefly  the  effect  of  other  substances  in  the  solutions  besides 
those  taking  part  in  the  chemical  action — -viz,  the  metallic  salt 
and  the  excess  of  the  solvent.  As  a  general  rule,  such  bodies  do 
harm  rather  than  good,  for  which  reasons  all.formul»  should  be 
regarded  with  distrust  which  load  the  solutions  with  chlorides^ 
or  sulphates,  or  carbonates  of  the  alkalies,  or  earths. 

692.  CoppERiNO  Solutions. — (i)  For  all  ordinary  purposes, 
that  is  for  depositing  upon  non-metaUic  objects,  upon  coppier^  hratM^ 
Oerman  silver,  and  lead,  the  best  possible  solution  is  that  already 
mentioned:  saturated  solution  of  sulphate  of  copper  diluted 
with  one-fourth  of  water  containing  one-tenth  by  measure  of 
sulphuric  acid. 

(2)  Iran,  zinCy  pewter,  and  Britannia  metal  require  an  alkaline* 
solution.  The  one  commonly  used  is  cyanide  of  copper  dissolved 
in  cyanide  of  potassium.  It  may  be  made  by  the  battery  pro- 
cess, which  is  also  available  for  silver  and  gold.  A  large  sheet 
of  the  metal  connected  to  the  +  pole  of  a  battery  is  suspended 
in  a  solution  of  cyanide  of  potassium  of  suitable  strength  ^three- 
quarters  of  an  ounce  to  the  pint),  a  small  plate  is  attacked  to 
the  negative  pole  and  suspended  in  a  porous  cell  in  the  same 
solution,  and  the  battery  worked  until  deposit  forms  on  this 
latter.  This  plan  is  convenient  for  lazy  people,  but  it  leaves 
free  potash  in  the  solution,  which  takes  up  carbonic  acid  firom 
the  air.  The  best  plan  is  to  throw  down  a  neutral  solution  of 
sulphate  of  copper  with  cyanide  of  potassium  as  long  as  a  pre- 
cipitate forms.  This  should  be  washed  several  times,  and  dis- 
solved in  cyanide  of  potassium. 

This  solution  requires  to  be  kept  at  a  temperature  of  100°  to 
150°  Fahr.,  and  to  be  worked  with  a  battery  powerful  enough 
to  give  gas  off  freely  at  the  cathode  or  object.  About  2  Groves, 
4  Daniells,  or  6  to  8  Smees,  in  series,  will  do  this,  their  size 
being  regulated  according  to  that  of  the  object. 
.  (3)  Wati's  Solution, — Carbonate  of  potadb,  ^  oz. ;  sulphate  of 
copper,  2  oz. ;  liquid  ammonia,  2  oz. ;  cyanide  of  potassium, 
6  oz. ;  water,  about  i  gall.  Dissolve  the  sulphate  of  copper  in 
boiling  distilled  or  rain  water,  and,  when  cold,  add  the  carbonate 
of  potash  and  the  ammonia.  The  precipitate  formed  is  redis- 
solved.  Now  add  the  cyanide  of  potassium  until  all  blue  colour 
disappears. 

^4)  The  best  Solution. — ^This  I  have  modified  from  the  fore- 
going, chiefly  by  omitting  the  carbonate  of  potash,  which  is 
unnecessary.  Per  pint  of  solution  the  quantities  are  about: 
Sulphate  of  copper,  ^  oz.  ;  liquid  ammonia,  ^  oz. ;  cyanide  of 
potassium,  f  oz.    But  the  simplest  directions  are :  Dissolve  j  oz. 
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of  BQlphate  of  copper  for  every  pint  of  solution  required ;  add 
ammonia  till  all  precipitate  is  redissolved,  forming  a  deep  blue 
solution;  then  add  solution  of  cyanide  of  potassium  till  this 
colour  quite  disappears;  add  ammonia  and  cyanide  whenever 
required  to  keep  t^e  solution  in  good  order.  When  these  are 
deficient,  the  anode  coats  itself  with  a  blue  powder;  on  the 
other  hand,  excess  of  ammonia  will  make  it  work  badly,  as  the 
copper  may  not  deposit,  or,  more  strictly,  is  redissolved.  If  the 
solution  is  too  rich  in  copper,  the  metal  may  come  down  as  a 

Kwder  :  the  deposit  is  in  fact  a  compromise  between  copper  and 
^'drogen,  and  it  is  necessary  to  attain  the  happy  medium  at 
w'hich  good  adherent  metal  is  produced.    This  solution  requires 
the  same  battery  power  as  the  cyanide  one ;  it  must  be  worked 
.  also  so  as  to  give  off  gas,  but  the  advantage  of  it  is  that  it  works 
freely  when  cold. 

As  these  solutions  are  expensive  to  work,  they  should  be  used 
only  to  form  a  perfect  film  of  copper.  The  work  is  then  to 
be  completed  in  the  ordinary  acid  bath ;  but  great  care  must 
be  taken  in  effecting  the  change  to  wash  off  every  particle  of 
solution,  and  to  dip  me  object  in  acid  before  putting  it  in  the 
acid  bath,  otherwise  the  second  deposit  will  not  adhere  to  the 
first. 

693.  DsposiTiNa  Copper.—- Copper  ma^  be  deposited  by  what 
is  called  the  single-cell  process,  which  is  simply  arranging  the 
object  as  the  negative  metal  of  a  Daniell's  cell,  as  to  whi(£  see 
p.  1 38.  A  battery  and  separate  vessel  is  far  the  best  plan.  The 
cell  being  arranged  with  the  anode  connected,  and  the  object 
being  perfectly  (dean,  it  should  be  .connected  to  the  zinc  of  the 
battery,  and  immersed  without  exposure  to  the  air,  if  adherence 
is  required ;  if  a  removable  deposit  is  wanted,  then  the  precau- 
tions must  be  taken  mentioned  §  650. 

694.  It  is  better  to  use  a  rather  strong  battery  at  first,  to 
secure  deposit  all  over  the  surface ;  in  fact,  this  is  generally  the 
case  with  all  metals :  it  is  usually  an  advantage  to  have  the 
object  at  first  a  good  distance  from  the  anode,  which  may  be  small, 
so  as  to  have  a  considerable  resistance,  and  then  to  use  a  battery 
of  high  E  M  F  in  order  to  obtain  the  conditions  of  §  677  and  also 
to  make  the  resistance  from  all  parts  of  the  surface  nearly  alike 
so  as  to  resist  the  tendency  to  local  deposits,  and  the  missing  of 
hollows.  After  a  few  minutes  the  object  should  be  examined 
without  removal,  and  a  soft  brush  may  be  passed  all  over  it, 
especially  into  hollows,  to  remove  any  air-bubbles.  For  non- 
metallic  objects,  it  is  often  better  to  insert  them  without  a 
regular  anode  at  first,  and  to  guide  the  deposit  to  the  deepest 
hollows  and  points  most  distant  from  the  connection  by  holding 
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near  them  a  wire,  or  small  strip  of  copper,  as  the  anode,  till  a 
general  coating  is  secured,  as  described  §  662. 

695.  Objects  should  not  be  disconneded  or  removed  from  the 
eolution;  but  if  a  very  thick  deposit  is  wanted,  it  will  be 
requisite  to  remove  the  object  occasionally,  and  fUie  away  the 
nodules  and  irregularities  which  always  form.  In  all  cases  of 
removal,  even  for  a  minute,  the  same  precautions  must  be  taken 
as  at  first  immersion  to  secure  a  perfectly  clean  surface,  and  the 
best  plan  is  to  dip  into  weak  nitric  acid,  and  instantly  place  in 
the  bath.  Even  a  minute's  exposure  to  the  air  suffices  to  form 
a  slight  brownish  film  of  oxide,  which,  though  scarcely  visible, 
effectually  destroys  the  cohesion  of  the  deposit. 

696.  Eemoving  the  Deposit. — When  a  sufficient  thickness  has 
been  secured,  the  object  is  to  be  taken  out,  washed,  and  allowed 
to  dry,  and  if  it  is  to  be  removed  ^as  from  a  model)  all  excres- 
cences and  overlapping  crystals  (which  are  generally  rather 
brittle)  must  be  carefully  removed,  one  edge  gently  detached, 
and  the  coating  stripped  off  when  its  form  permits ;  in  some 
cases  of  deposits  upon  metals  this  is  difficult,  but  will  be  facili* 
tated  by  holding  the  object  over  a  flame  or  placing  it  on  hot 
iron,  heating  the  deposit  most.  The  deposit  has  at  first  an 
extremely  rich  colour,  which  would  be  a  most  valuable  aid  to 
ornamentation  if  it  could  be  preserved,  but  unfortunately  its 
endurance  is  very  slight,  and  a  few  hours  in  the  air  destroys  its 
beauty.  For  most  purposes,  therefore,  when  the  surface  is  to  be 
preserved,  not  to  be  used,  it  has  to  be  prepared  by  some  means 
of  colouring. 

697.  Bronzing. — Braum. — This  is  produced  by  a  suboxide  of 
copper,  obtained  of  various  shades:  (i)  Moisten  with  water,  to 
a  wineglass  of  which  five  or  six  drops  of  nitric  acid  are  added, 
allow  it  to  dry,  and  then  heat  till  the  desired  shade  is  obtained. 
^2)  Rub  well  in  and  cover  with  finely  powdered  peroxide  of  iron 
(jewellers'  rouge  or  red  hematite  ore);  heat  till  nearly  red. 
(3)  Darker  shades  may  be  obtained  by  mixing  the  peroxide  of 
iron  with  black-lead,  ground  to  a  fine  paste  with  spirits  of  wine. 
The  copper  is  to  be  covered  with  this  paste,  and  heated  till  too 
hot  to  hold,  then  brushed  well.  When  the  colour  is  obtained, 
the  objects  should  be  warmed  and  polished  with  a  doth,  which 
contains  a  little  beeswax,  and  all  excess  of  this  removed  with  a 
clean  cloth.  A  very  good  effect  is  also  obtained  by  first  bronzing 
to  a  deep  colour  and  then  lightening  the  projecting  parts  by 
touching  with  a  piece  of  leather  moistened  with  ammonia. 

Blctck  may  be  produced  by  polishing  with  plumbago  or  by 
dipping  in  a  weak  solution  of  chloride  of  platinum :  both  these 
require  lacquering  afterwards.    A  beautiful  dark  bronzing  is 
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produced  by  dipping  in  a  weak  solution  of  sulphide  of  ammonium 
or  of  potassium,  drying^  and  polishing  with  an  oiled  or  waxed 
cloth. 

Oreen  is  easily  produced  b^  putting  a  little  chloride  of  lime 
in  a  saucer,  hanging  the  object  over  it,  and  covering  with  a 
shade  till  the  desired  effect  is  obtained. 

Verde  antiquey  for  busts,  &o. — Sal-ammoniac,  8  parts ;  sea-salt, 
9  parts;  liquid  ammonia,  15  parts;  white  vinegar,  500  parts. 
Brush  over  with  this  solution  several  times  and  allow  to  dry 
slowly.  There  are  many  other  processes,  but  the  foregoing  are 
the  most  simple  and  effective. 

698.  Quantity  Dbpositsd. — This  may  be  calculated  by  the 
figures  given  §§  632-3.  Thus  we  may  inquire,  how  many 
pounds  of  copper  can  be  deposited  in  24  hours  upon  an 
area  of  3^  square  feet.  The  mode  of  estimating  this  applies  to 
every  other  form  and  to  every  other  metal  by  simply  replacing 
the  special  figures  used  in  this  case  by  those  suited  to  any 
other  case. 

Thus  we  learn  in  §  673  that  the  limit  of  density  of  current  for 
copper  is  24  amperes  per  foot,  so  that  the  current  here  would  be 
2±x  3*5  =  84  amperes,  and  84  x  24  =  2106  ampere-hours. 
Tnen  the  table  §  632  gives  us  the  ampere-hour  value,  and  the 
electric  equivalent  of  copper  being  31  '75,  we  have 

31*75  X '000081  X  2 106  =  5 '42  lbs.  of  copper. 

If  worked  out  in  detail,  the  student  will  see  clearly  what 
changes  are  necessary  to  adapt  the  formula  of  §  633  to  any  case. 

h,    Ampere  grain  tmit,  '000158  ..  -4' 198657 1 

r,    Copper  equivalent ''5017437 

Grains  to  lb.  i  -4-  7000  ..  ..  "■4*  1549020 
C,  Amperes  per  foot  ..  24*  1  *  38021 12 
m  (Seconds  per  hour      ..     3600*      3  •  5563025 

'(Hours        24      1*3802112 

Area  in  feet      ..      ..         3*5      0-5540680 
Copper  deposited        5*32  lbs.     o  *  7 260957 

In  good  actual' working  the  current  is  not  pushed  to  this 
degree.  In  electrotyping  the  plates  for  the  Ordnance  Survey  the 
rate  of  deposit  is  about  f  lb.  per  24  hours,  which  is  only  half  the 
above  amount. 

699.  Cyanide  of  Potassium. — The  commercial  article  varies 
so  greatly  in  quality,  that  it  is  almost  useless  to  give  quantities 
for  use.  There  are  two  sorts,  the  white  which  is  commonly 
Ubcd,  and  the  black  which  is  the  best.    The  white  cannot  con- 
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tain  more  than  75  to  80  per  oent.  of  the  pure  cyanide,  the  rest 
being  cyanate  of  potash  neoessarily  produced  in  the  reaction ; 
but,  according  to  the  impurities  of  the  materials  used,  and  the 
care  taken  in  making,  it  may  contain  as  little  as  50  per  cent. 
Indeed,  I  have  purchased  cyanide  containing  only  50  per  cent. 
from  some  of  the  firs^  houses.  It  is  so  easily  prepared  that  it  is 
better  to  do  so  than  to  buy  it,  except  with  a  guaranteed  per- 
centage. It  is  prepared  from  ferrocyanide  of  potassium  (yeUov7 
prussiate  of  potash)  and  carbonate  of  potash,  the  latter  of  which 
is  the  common  source  of  impurities,  01  which  sulphate  of  potash 
is  the  most  important,  as  it  is  not  only  useless,  but  destroys  also 
its  equivalent  of  the  cyanide  first  produced.  The  ferrocyanide 
is  to  be  crushed  and  dried  very  thoroughly  upon  a  heated  iron 
plate  till  the  water  of  crystallization  is  £riven  off  and  a  perfectly 
white  powder  produced,  of  which  eight  parts  are  to  be  taken  by 
weight  to  three  parts  of  carbonate  of  potash  similarly  dried 
These  proportions  give  one  equivalent  of  cyanate  of  potash  to 
five  of  cyanide,  and  form  the  white  product.  By  adding  i^  part 
of  finely  powdered  charcoal  the  whole  is  converted  into  cyanide, 
and  the  product  is  black  through  a  remaining  excess  of  carbon. 
An  iron  crucible  or  pot,  carefully  freed  from  any  rust,  is  heated 
to  a  low  red,  and  the  materials  (very  thoroughly  mixed  and  still 
warm)  are  inserted  by  degrees  and  brought  to  perfect  fusion,  in 
which  they  should  be  kept  for  twenty  minutes,  stirring 
occasionaUy,  but  kept  covered  at  other  times ;  the  stirring  is 
effected  with  an  iron  rod,  which  is  to  be  examined ;  the  coating 
it  brings  away  is  at  first  brownish,  at  last  becoming  a  clear 
porcelain  white,  when  the  operation  is.  complete.  Tms  grada- 
tion of  colour  cannot  be  observed  when  charcoal  is  ased,  but  the 
diminution  in  the  gas  given  off  by  the  fosed  liquid,  which 
should  be  kept  at  a  just  visible  red,  will  indicate  the  completion 
of  the  reaction.  The  pot  should  then  be  removed,  allowed  to 
stand  a  minute  or  two  for  the  iron  to  settle,  and  the  clear  liquid 
poured  off  upon  an  iron  slab,  broken  up  and  bottled  tightly  while 
warm,  as  it  is  deliquescent  and  deteriorates  by  absorbing 
carbonic  acid  from  the  air.  The  residuary  iron  and  cyanide 
should  be  scraped  out  while  hot  and  placed  in  water,  and  the 
solution  filtered  off  for  immediate  use  in  precipitations,  &c 
N.B. — It  is  one  of  the  deadliest  of  poisons.  It  will  not  keep  in 
solution. 

The  formula  and  result  of  the  process  described  is,  for  pure 
materials, 

K^^eCy^  +  CO.  K,  =  5  KCy  +  KCyO  +  Fe  +  CO 
15656156       60    78  325  81  56      44 
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The  last  two  products,  iron  and  gas,  are  inevitable  loss,  and 
the  EGyO,  nearly  one-fifth  of  the  product,  is  useless,  which  the 
addition  of  carbon  sufficient  to  convert  this  0  into  carbonic  acid 
makes  useful,  and  raises  the  product  to  6  EGy  =  390. 

700.  Test  for  free  Cyanidb. — It  is  very  convenient  to  have 
the  means  of  ascertaining  at  any  time  the  exact  quantity  of 
free  cyanide  in  any  solution,  and  the  percentage  of  the  reaJ 
substance  in  any  sample.  I  have,  therefore,  devised  a  system 
based  upon  the  ordinary  decimal  measures  obtainable  any- 
where, and  upon  the  basis  of  one  ounce  of  cyanide  per  gallon  of 
solution ;  from  one  to  two  ounces  being  the  proper  working 
strength.  One  ounce  per  gallon  is  equal  to  62*5  grains  in 
10,000 ;  the  equivalent  of  cyanide  of  potassium  is  65,  and  it 
takes  two  of  these  to  precipitate  and  redissolve  cyanide  of  silver 
from  the  nitrate  of  silver^  the  equivalent  of  which  is  170.  The 
test  solution,  therefore,  is  prepared  from  pure  nitrate  of  silver, 
81*72  grains  dissolved  in  a  10,000-grain  flask  of  distilled  water ; 
8*172  grammes  in  a  litre  make  the  same  solution,  which  is 
eqxuvalent,  bulk  for  bulk,  to  a  solution  of  one  ounce  of  cyanide 
in  a  gallon,  and  may  be  used  with  any  measure  whatever,  pro- 
perly divided.  I  prefer  to  take  1000  grains  of  it  and  make  it 
up  to  10,000  again ;  to  take  100  grains  of  the  solution  to  be 
tested,  by  means  of  a  graduated  pipette,  and  then  add  this 
weaker  solution  to  it  from  an  ordinary  alkalimeter.  As  soon  as 
the  precipitate  ceases  to  redissolve  on  shaking,  the  test  is  com- 
plete.    A  slight  cloudiness  in  the  liquid  marks  this  point. 

To  test  a  sample  of  cyanide  dissolve  62i  grains  in  the  10,000- 
grain  flask  and  treat  this  in  the  same  way.  Thus,  if  a  sample 
is  so  treated,  100  grains  placed  in  a  small  flask  or  bottle,  1000 
grains  of  the  test  put  in  an  alkalimeter  and  dropped  into  the 
flask  as  long  as  the  precipitate  disappears,  and  upon  adding  520 
grains  in  this  way  a  permanent  faint  cloudiness  is  produced,  the 
sample  contains  52  per  cent,  of  real  cyanide.  If  the  original 
test  solution  is  preferred,  1000  grains  of  that  to  be  tested  must 
be  used,  and  the  result  is  the  same. 

701.  Test  for  Silver  and  Gold  in  Solution. — This  can  be 
roughly  ascertained  by  the  quantity  of  cyanide  necessary  to  r&^ 
dissolve  a  precipitate ;  but  as  cyanide  does  not  keep  in  solution 
the  test  must  be  prepared  when  required.  Make  a  solution, 
and  test  its  value  as  pure  cyanide  as  just  described.  Take  a 
measure  of  the  solution  to  be  tested,  and  throw  down  the  metals 
with  sulphuric  acid,  washing  the  precipitate  till  all  acid  is  re- 
moved; add  the  cyanide  solution  from  a  graduated  vessel, 
stirring,  till  all  is  redissolved.  Calculate  the  quantity  used  as 
grains  of  pure  cyanide,  and  every  65  grains  indicate  108  of 

2  E  2 


420  BLXOTBO-KBTALLUBGT.  [T^^* 

silver  or  197  of  gold,  but  not  correctly  m  old  solutions  owing  to 
the  other  metab  present.  A  known  measure  of  the  cyanide 
solution  in  excess  of  what  is  needed  to  dissolve  the  precipitate 
may  be  used,  and  the  excess  measured  by  the  process  for  free 
cyanide  and  deducted  from  the  measure  used ;  it  is  more  easy 
to  hit  the  exact  quantity  by  this  means. 

702.  Silver  Solution. — There  are  many  different  formnlse 
given  in  various  books,  and  many  have  been  patented,  but  as 
there  is  only  one  which  is  really  satisfactory,  I  shall  give  only 
a  few  words  to  the  others.  Some  recommend  the  use  of  ferro- 
cyanide  of  potassium  instead  of  the  cyanide  as  a  solvent ;  it  is 
no  economy,  and  the  solution  renders  the  silver  very  liable  to 
strip.  Hyposidphite  of  silver  in  hyposulphite  of  soda  quickly 
spoils  by  the  action  of  light.  Chloride  of  silver  in  chloride  of 
sodium  deposits  a  chalk-like  coating  useful  for  some  purposes : 
it  answers  well  for  clock  and  other  dials,  and  may  be  applied 
by  simply  rubbing  on  and  well  washing,  just  as  well  as  with 
a  battery  for  this  purpose ;  it  has  no  advantage  as  a  solution  for 
use  in  the  battery  process.  All  the  processes  which  involve 
the  dissolving  of  oxide,  carbonate,  or  chloride  of  silver  are 
bad ;  they  waste  materials  and  load  the  solution  with  salts  of 
potassium  much  better  absent.  Cyanide  of  silver  dissolved  in 
cyanide  of  potassium  is  the  only  solution  which  can  be 
recommended.  It  may  be  and  is  commonly  prepared  by 
making  a  solution  of  cyanide  of  potassium  of  the  desired 
strength  (|  oz.  to  the  pint),  hanging  in  it  sheets  of  silver  con- 
nected to  the  positive  pole  of  a  battery,  and  inserting  a  porous 
cell,  containing  the  same  solution  and  a  copper  or  iron  plate 
connected  to  the  negative  pole.  If  current  is  passed  until  a  de* 
posit  forms  on  this  latter  plate,  the  solution  will  be  of  proper 
working  stren^h.  The  only  advantage  of  this  process  is  the 
saving  of  a  little  trouble,  but  it  leaves  in  the  solution  an  equi- 
valent of  caustic  potash,  which  absorbs  carbonic  add  and  so 
loads  the  solution  with  an  unnecessary  salt  which  does  at  least 
no  good.    The  best  way  is  to  prepare  the  solution  chemically. 

703.  Siher  Nitrate  is  readily  prepared  by  dissolving  in  nitric 
acid ;  the  latter  varies  so  in  strength  that  it  is  useless  to  give 
quantities ;  the  solution  is  aided  by  moderate  warmth.  Com- 
mercial silver  with  copper  present  answers  perfectly,  and  it  is 
not  necessary  to  crystallize  if  the  excess  of  acid  is  carefully 
neutralized  with  carbonate  of  soda;  it  is  best,  however,  to 
buy  crystallized  nitrate  of  silver,  which  can  be  bought  for  little 
more  than  the  value  of  the  silver  it  contains,  as  it  is  a  by- 
product in  several  large  operations. 

704.  Silver  Cyanide. — A  weak  solution  of  silver  nitrate  is 
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prepared,  and  a  solution  of  cyanide  of  potassium  very  careMly 
added  as  long  as  a  white  precipitate  forms.  It  is  even  better 
to  pass  hydrocyanic  acid  into  the  solution,  but  as  this  (prussio 
acid)  is  so  deadly  a  gas,  the  greatest  care  is  necessary,  and  the 
operation  ought  to  be  effected  in  the  open  air.  This  process, 
which  is  the  same  as  is  described  (§718)  for  recovering  spoilt 
solutions,  throws  down  the  cyanide  of  silver  without  any  risk  of 
wasting  silver.  When  all  the  silver  is  precipitated,  the  solution 
should  be  vigorously  stirred  or  shaken,  and  allowed  to  settle, 
the  liquid  poured  off,  and  the  precipitate  washed,  and  solution 
of  cyanide  of  potassium  added,  and  stirred  up  till  it  is  dissolved ; 
it  is  then  diluted  to  the  required  strength,  and  the  proper 
quantity  of  free  cyanide  added.  The  precipitate  should  never 
be  dried,  as  this  alters  its  properties,  and  it  will  no  longer 
make  a  good  solution«  After  solution  it  may  be  crystallized  as 
the  double  cyanide  of  silver  and  potassium,  if  desired ;  this 
makes  a  good  solution  at  any  time. 

705.  Strength  of  Solution. — About  2  oz.  or  3  oz.  of  silver  to  the 
gallon  is  a  good  working  strength.  As  the  ounce  of  silver  is 
480  grains,  and  that  of  nitrate  437^,  190  grains  of  crystallized 
nitrate  of  silver  to  the  pint  or  3*45  oz.  per  gallon,  will  give 
a  solution  equal  to  2  oz.  of  silver  per  gallon.  Strong  solutions 
will  work  more  quickly  than  weaker  ones  if  ample  battery 
power  is  used,  but  they  require  much  more  care  in  working  to 
get  a  good  result.  The  free  cyanide  should  be  equal  to  about 
half  the  weight  of  silver  in  solution.  With  less,  the  solution 
conducts  badly ;  with  more,  it  is  apt  to  dissolve  off  silver  from 
both  anode  and  objects. 

706.  SiLVBR  Depositing. — ^An  experiment  devised  for  lecture 
purposes  some  years  ago,  exhibits  in  so  striking  a  manner  the 
fundamental  principles  of  electro-deposition  that  I  cannot  do 
better  than  describe  it»  and  invite  readers  to  repeat  it  for  their 
own  instruction.  Take  a  clear  glass  vessel  of  some  width,  and 
out  a  strip  of  wood  to  go  across  the  top.;  prepcure  three  narrow 
strips  of  copper,  as  long  as  the  vessel  is  deep,  and  fit  wires  to 
them ;  fix  one  in  the  middle  of  the  bar  of  wood,  and  the  others 
(whose  wires  are  to  be  long  enough  to  reach  to  a  battery,  and 
allow  the  bar  to  be  moved  about)  one  on  each  side,  as  far  apart 
as  the  vessel  allows,  all  three  being  in  one  plane,  but  not 
touching ;  fill  the  vessel  with  a  good  silver  solution ;  connect 
the  outer  plates  to  a  strong  battery— one  Grove  or  bichromate, 
or  four  Smees  will  do— and  then  steadily  lower  the  plates  in, 
watching  them  with  a  strong  light  upon  them.  One  remains 
unaffected,  the  middle  one  takes  a  bluish  tint,  l^e  third 
becomes,  as  by  a  flash,  a  dead  white. 
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The  middle  one  acts  chemically  on  the  solution,  is  partly 
dissolyed  itself,  and  precipitates  on  its  surface  a  film  of  silver, 
through  which  the  copper  is  visible,  giving  the  peculiar  colour ; 
no  length  of  time  will  greatly  thicken  this  deposit ;  but  if,  after 
a  time,  it  is  connected  to  the  battery  and  regularly  coated,  in 
all  likelihood  the  deposit  will  blister  or  strip  under  the 
burnisher.  The  plate  connected  to  the  zinc  of  the  battery 
receives  a  true  electric  deposit,  which  under  good  conditions  is 
so  rapid  as  to  produce  at  once  the  dead  white  or  *^  mat "  silver. 
The  plate  connected  to  the  positive  pole  has  been  changed  in  its 
electro-polar  relation  to  the  liquid,  the  silver  sides  of  the  mole- 
cules are  turned  from  it,  and  the  action  of  the  cyanogen  radicals 
is  exalted;  it  therefore  dissolves  more  rapidly  than  under 
chemical  affinity  alone,  and  it  can  no  longer  precipitate  the 
silver ;  or,  at  least,  if  any  such  chemical  deposit  does  still  occur 
(which  can  neither  be  proved  nor  disproved),  the  silver  so 
thrown  down  chemicallv  is  instantly  redissolved  electrically. 

It  is  evident,  then,  tnat  objects  to  be  coated  should  be  con- 
nected to  the  battery  before  immernon, 

707.  Now  take  a  strip  of  copper  and  one  of  silver,  connect 
them  to  a  delicate  galvanometer,  and  plunge  them  into  the 
solution;   it  will  be  found    that   a    considerable    current  is 

fenerated;  this  teaches  us  that  we  should  not  eammence  the 
eposit  in  a  vessel  in  which  objects  already  coated  are  at  work, 
because  any  combination  will  generate  its  own  current,  quite 
regardless  of  all  other  currents  passing  in  the  same  vessel,  and 
thus  a  current  will  pass  between  the  new  object  and  those 
already  coated,  notwithstanding  that  both  are  alike  connected 
to  the  same  pole  of  a  separate  battery.  K  one  bath  is  employed, 
a  separate  battery  should  be  used,  both  +  poles  connected  to 
the  same  anode  if  we  please,  but  the  new  object  connected  by 
itself  to  the  zinc  of  one  battery,  until  coated,  when  it  may  be 
transferred  to  the  other  connections. 

708.  The  proper  plan  is  to  have  one  large  bath,  in  which 
nothing  shall  be  inserted  but  articles  already  silvered;  by  this 
means  it  is  kept  from  being  contaminated  with  the  base  metals. 
Other  smaller  quantities  of  solution  should  be  kept  for  giving 
the  first  coat,  and  made  suitable  for  the  different  metals,  for  a 
good  deposit  cannot  be  obtained  upon  Britannia  metal  and  the 
other  pewters  from  a  solution  in  v^ch  copper  has  been  plated ; 
they  also  require  much  more  free  cyanide  of  potassium  than 
copper,  brass,  or  German  silver  do ;  all  these  may  be  coated  in  the 
same  bath,  but  one  at  a  time.  For  the  proper  preparation  of  the 
objects  and  mercurializing  to  assist  adhesion,  see  §  646  (a). 
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709.  The  first  deposit,  especially  with  the  baser  metals, 
requires  to  be  effected  under  greater  EMF  than  ordinary 
working,  but  not  with  too  large  a  current— that  is,  too  quickly. 
The  way  to  effect  this  is  to  employ  a  powerful  battery  of  small 
oells,  and  to  use  only  a  small  anode,  on  the  principles  described 
§  694.    The  EMF  must  not  be  such  as  to  give  off  gas. 

710.  In  any  case,  after  the  first  deposit  is  perfected,  the  object 
ought  to  be  removed,  washed,  and  well  scratch-brushed,  to  see 
that  the  deposit  is  perfectly  adherent,  as  it  is  more  pleasant  to 
strip  it  and  start  afresh  then  (if  necessary)  than  after  the  whole 
operation  is  supposed  to  be  completed.  When  a  thick  coat  is  to 
be  put  on,  and  especially  if  there  are  ornamental  edges  and 
points,  it  is  well  to  examine  now  and  then,  and  if  any  nodules 
or  roughnesses  are  forming,  to  file  or  work  them  off,  perfectly 
cleaning  the  article  before  replacing.  Objects  should  on  no 
account  be  touched  with  the  dry  hand,  but  kept  under  water 
containing  a  little  soda  or  potash,  or  cyanide  of  potassium,  and 
handled  only  with  perfectly  clean  hands. 

711.  Disconnected  Objects. — An  interesting  experiment  will 
illustrate  the  precautions  necessary  to  observe  with  objects,  and 
also  that  peculiar  state  of  the  liquid  which  is  called  paiarization^ 
and  which  is  the  primary  condition  of  electric  transmission. 
Suspend  two  plates,  connected  with  a  battery,  as  far  apart  as 
the  vessel  allows,  or,  say  6  inches  or  8  inches ;  in  the  centre  of 
two  plates  of  copper,  an  inch  or  so  square,  punch  holes,  and 
rivet  them  firmly  on  the  ends  of  a  stout  wire.  Now  suspend 
this  arrangement  in  the  liquid  between  the  plates,  but  not 
touching  either,  and  having  no  metallic  connection  with  the 
battery,  but  isolated  in  the  liquid.  After  a  little  time  it  will 
be  found  that  the  end  facing  the  anode  is  well  coated  with 
deposited  metal,  while  the  other  end  has  evidently  been 
dissolved;  the  intermediate  wire  will  share  these  two  con- 
ditions up  to  the  middle,  but  the  principal  action  will  be  on  the 
ends.  The  system  has  been,  in  fact,  polarized  in  the  same 
manner  as  cylinders  are,  in  static  electricity,  when  approached 
to  a  conductor,  and  the  action  is  distributed  in  exactly  the 
same  way  as  a  static  charge  would  have  been,  in  the  opposite 
ratio  to  the  resistance  between  each  particle  and  the  conductor. 
This  shows  that  objects  should  never  be  left  in  the  solution 
when  not  being  deposited  on;  if  an  object  accidentally  falls 
from  its  wire,  it  should  be  at  once  removed  and  rearranged,  for, 
if  left,  this  effect  will  be  produced  upon  it. 

The  effect  is  not  well  observed  in  a  silver  solution,  owing  to 
the  chemical  action  of  the  copper  itself,  and  it  requires  a  strong 
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current;  in  a  copper  solution  the  action  is  strikingly  visible 
after  a  few  minntes. 

712.  Anodes. — These  should  be  sheets  of  pure  silver,  arnnnd 
the  tank;  or  in  small  vessels  strips  of  various  sizes  may  be 
used,  so  as  to  be  distributed  about  the  objects  as  required. 
They  should  not  be  attached  to  copper  wire,  which  is  acted 
upon,  though  it  is  greatly  protected  by  a  thick  coat  of  solder 
over  it ;  they  should  be  soldered  to  stout  iron  wire,  or  to  strips 
of  lead,  which  the  solution  does  not  act  on,  and  these  should 
have  strips  of  copx)er,  well  silvered  or  gilt  at  their  upper  parts, 
for  slinging  upon  the  connections  to  the  battery. 

71  J.  If  the  anodes  become  coated  with  a  greyish  coating,  the 
solution  wants  more  cyanide.  When  common  silver  is  used, 
the  anodes  in  this  case  turn  red  or  purple,  owing  to  cyanides  of 
copper,  &c.,  forming ;  but  pure  silver  should  be  used,  so  as  not 
to  keep  adding  copper  to  the  solution. 

714.  Working  the  Solution. — A  new  solution  does  not  work 
so  well  as  one  in  constant  use.  The  carbonic  add  of  the  air  acts 
upon  the  cyanide  of  potassium,  which  therefore  requires  to  he 
occasionally  added ;  the  need  for  this  is  indicated  when  the 
action  becomes  sluggish,  or  the  anodes  and  objects  become  dis- 
coloured. If  the  objects  alone  are  dark  and  dirty  in  appearance, 
instead  of  a  clear  chalk  white,  or  rich  cream  colour,  the  current 
is  too  strong,  and  the  anodes  should  be  reduced  in  size,  or  placed 
farther  away  from  the  particular  object,  or,  if  the  fault  is 
general,  the  battery  power  may  be  reduced.  Experience  alone 
can  teach  all  these  details.  The  temperature  should  be  the 
average  one  of  60^  to  70^  Fahr. ;  when  it  is  colder,  the  solutions 
do  not  work  so  well,  and,  if  hotter,  less  battery  power  will  be 
required. 

After  a  time,  a  precipitate  usually  forms,  as  a  greyish-white 
flocculent  powder,  which  is  easily  stirred  up,  and  apt  to  settle 
on  the  articles,  the  solution  should  therefore  be  occasionally 
filtered.  The  precipitate  is  mainly  impuritv,  but  in.  some  oases 
it  may  contain  silver,  so  that  it  is  as  well  to  collect  it,  and 
when  worth  while,  bum  it  in  a  crucible,  with  a  little  nitrate  of 
potash  added. 

715.  Bright  Deposit. — Silver  from  the  solution  described  is 
deposited  of  a  beautiful  dead  white  or  "  mat/'  but  it  may  be 
deposited  with  a  brilliant  surface,  as  if  burnished,  by  adding 
bisulphide  of  carbon  to  the  solution.  About  an  ounce  of  this  is 
shaken  up  in  a  bottle  with  a  pint  of  strong  solution  of  cyanide 
of  silver,  and  plenty  of  free  cyanide.  This  is  added  occasionally 
as  required,  little  by  little,  to  the  bath.  It  should  not  be  used 
on  the  small  scale,  as  it  is  offensive  and  unwholesome ;  excepting 
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when  in  regnlar  ase,  it  is  also  apt  to  spoil  the  solntion.  The 
bright  solution  is  usually  only  used  to  finish  articles  in  as  it 
does  not  work  so  satisfaotorily  as  the  other. 

716.  Finishing  the  Work. — On  removal,  the  object  should 
first  be  dipped  in  water  containing  free  cyanide,  then  rinsed  in 
boiling  water,  allowed  to  dry,  and  placed  in  sawdust  (box  or 
mahogany,  not  pine).  All  parts  intended  to  be  bright  should 
then  be  scratch-brushed,  either  by  the  lathe  or  by  small  hand- 
brushes  ;  hard  hair  brumes  with  fine  sand  or  Bath  brick  may 
be  used.  After  this,  the  surface  should  be  polished  with  tripou 
or  rotten-stone,  and  whiting  and  rouge,  and  then  burnished  with 
brightly  polished  steel  or  agate  burnishers,  which  are  made  of 
various  shapes  to  suit  different  work ;  the  object  should  be  kept 
wet  with  soap-suds  while  burnishing,  or  some  use  stale  ale. 
This  is  an  operation  requiring  much  practice  to  do  it  well,  and 
it  is  in  fact  a  special  business.  Care  should  be  taken  to  make 
the  strokes  of  the  burnisher  always  in  the  same  direction,  or 
only  slightly  deviating  from  it  where  markings  require  burnish- 
ing down ;  the  strokes  should  never  be  crossed. 

717.  Spoilt  Solutions. — From  various  causes,  and  chiefly 
from  the  gradual  accumulation  of  the  salts  of  potash,  resulting 
from  the  action  of  the  air  upon  the  free  cyanide,  the  solutions 
in  time  become  bad  ;  they  do  not  deposit  metal  of  good  colour, 
or  the  deposit  tends  to  strip  under  the  burnisher.  It  then 
becomes  necessary  to  recover  ihe  metal  and  make  fresh  solution. 
Two  processes  are  commonly  recommended:  (i)  To  add  acid 
until  all  the  metal  is  thrown  down,  and  then  melt  the 
precipitate  after  drying ;  this  process  is  a  dangerous  one  and 
must  be  effected  in  the  open  air,  as  poisonous  gases,  chiefly 

Srussic  acid,  are  given  off.  The  residue  must  also  be  fused  by 
egrees,  as  the  cyanide  of  silver  does  not  fuse  quietly;  it  is 
better  to  reduce  it  with  zinc  and  a  little  hydrochloric  acid — 
this  also  in  the  open  air.  (2)  Evaporate  the  solution  to  dry- 
ness and  fuse  till  tne  silver  is  reduced,  and  wash  off  the  cyanide 
of  potassium,  which  generally  carries  some  of  the  silver  with  it. 

718.  The  plan  I  recommend  has  the  advantage  of  economy  of 
materials,  and  freedom  from  danger  or  nuisance.  Place  the 
solution  in  a  large  flask,  fitted  with  a  safety-funnel  and  de- 
livery tube  joined  bv  an  indiarubber  pipe  to  a  wide  glass  tube,  the 
end  of  which  dips  half  an  inch  into  a  solution  of  silver  nitrate 
in  another  vessel.  Now  add  sulphuric  acid  gradually  by  the 
safety-funnel,  allowing  the  effervescence  to  sulfide,  and  shaking 
the  flask  occasionally ;  continue  adding  acid  as  long  as  it  pro- 
duces any  fresh  precipitate.  Then  by  means  of  a  sand-bath, 
heat  the  flask  and  keep  the  solution  boiling  as  long  as  a  pre* 
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cipitate  coDtinues  to  form  in  the  other  vessel.  The  precipitate 
is  pure  cyanide  of  silver,  and  only  needs  dissolving  in  cyanide 
of  potassium  to  form  the  fresh  solution.  The  precipitate  in 
the  flask  is  also  cyanide  of  silver,  but  not  pure,  though  suffi- 
ciently so  for  use  in  most  cases;  if  it  is  preferred  it  can  be 
reduced  by  zinc  and  hydrochloric  acid,  or  dried  and  fused. 
This  process  saves  the  cyanide  of  potassium  otherwise  required 
to  precipitate  the  silver. 

719.  Gilding  Solution. — There  are  many  formulsd  given  for 
dissolving  chloride,  oxide,  or  fulminate  of  gold  in  cyanide  of 
potassium.  These  are  all  troublesome,  expensive,  and  the  last 
dangerous.  The  best  plan  is  to  dissolve  cyanide  of  gold  in 
cyanide  of  potassium.  The  strength  should  be  from  half  to 
one  ounce  of  gold  per  gallon,  and  it  may  be  prepared  by  the 
battery  process,  exactly  as  described  for  silver.  It  is,  however, 
better  to  prepare  the  cyanide  chemically.  Pure  fine  gold 
should  be  used,  but  it  may  be  obtained  from  any  alloy  by 
dissolving  in  aqua  regia  (i  part  nitric,  and  3  of  hydrochloric 
acid),  pouring  off  the  clear  liquid  and  washings  of  any  residue, 
evaporating  off  free  acid,  and  precipitating  the  gold  by  proto- 
sulphate  of  iron  (green  vitriol  or  copperas),  of  which  about  five 
times  the  weight  of  the  gold  should  be  used.  The  gold  is  found 
(after  standing  an  hour  or  two)  perfectly  pure  as  a  dark  brown 
powder.  This,  or  ''  fine  *'  sheet  gold  is  to  be  dissolved  in  aqua 
regia,  as  before,  and  free  acid  driven  off,  care  being  taken  that 
no  yellow  powder  is  formed ;  if  it  is,  by  too  much  heat,  a  drop 
or  two  of  acid  must  be  added  to  redissolve  it.  This  solution 
should  be  largely  diluted  and  cyanide  of  potassium  added,  as 
long  as  any  precipitate  is  formed.  This  is  the  cyanide,  a 
lemon-yellow  powder,  which  only  requires  to  be  separated  from 
the  solution,  washed,  and  dissolved  in  cyanide  of  potassium. 
These  are  the  usual  instructions,  but  I  advise  a  little  further 
proceeding  to  avoid  any  risk  of  loss  of  gold  by  not  hitting  the 
exact  point  of  precipitation.  Add  a  trifle  too  much  cyanide  of 
potassium  so  as  to  insure  complete  conversion  and  redissolving 
of  a  little.  Filter  off  the  cyanide  formed,  and  to  the  solution 
add  sulphuric  acid  till  it  gives  an  acid  reaction,  and  filter  off 
after  standing  for  some  hours.  Even  then  there  is  risk  of  the 
alkaline  salts  dissolving  some  little  gold,  but  this  may  be 
recovered  by  setting  the  solution  aside  with  some  scraps  of 
zinc,  which  will  throw  down  any  gold  so  dissolved. 

In  dissolving  common  gold  there  is  often  found  a  residue 
which  obstinately  resists  solution,  yet  retains  the  form  and 
workmanship  of  the  original  article ;  this  is  the  silver  of  the 
alloy  formed  into  a  dense  chloride. 
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The  chloride  of  gold  solution  mav,  if  preferred,  be  neutral- 
ized with  caustic  i^a  or  potash  (not  carbonate)  until  it  is 
decidedly  alkaline,  and  then  either  cyanide  of  potassium  may 
be  added,  or  hydrocyanic  acid  distilled  into  it  to  throw  down  the 
cyanide  of  gold.  This  solution  is,  however,  very  apt  to  retain 
^old  in  solution  with  the  residuary  alkaline  salts.  If  ammonia 
IS  used  instead  of  the  fixed  alkalies,  a  precipitate  is  formed 
which  is  fulminate  of  gold,  and  must  not  be  dried,  as  it  becomes 
violently  explosive. 

720.  Spoilt  Solutions. — These  should  be  treated  as  described 
for  silver,  §  717,  but  the  resulting  cyanide,  which  will  probably 
contain  other  metals,  should  be  dried,  mixed  with  its  weight  of 
litharge,  and  fused.  The  residue,  after  washing,  is  pla^  in 
excess  of  nitric  acid,  which  will  dissolve  out  the  lead,  <&c.,  and 
leave  the  gold  pure. 

721.  Gilding. — This  process  is  much  more  rapid  than  any  of 
the  others,  as  a  few  minutes  is  usually  enough  to  give  a  good 
deposit;  this  is  due  to  the  high  equivalent  197,  so  that  the 
same  current  deposits  nearly  twice  as  much  as  it  would  of 
silver,  and  more  than  six  times  as  much  as  it  would  of  copper. 
Oold  has  also  very  great  covering  properties,  and  a  much 
thinner  film  gives  a  better  appearance  and  protection  than  a 
similar  thickness  of  other  metcds  would«  The  usual  difficulty 
indeed  is  that  the  work  is  done  too  fast.  Small  battery  power 
is  needed,  a  single  Smee  having  sufficient  force  for  small 
articles ;  but  with  large  surfaces  and  especially  when  a  deep 
colour  is  desired,  two  Groves  may  be  used;  the  point  to  be 
aimed  at  is  to  have  the  E  M  F  just  below  the  point  at  which 
gas  appears  on  the  objects. 

Small  objects  may  be  gilt  together  in  numbers  by  putting 
into  an  earthenware  basket  with  a  connecting  wire  to  some  of 
them,  and  shaking  about  in  the  solution,  so  as  to  expose  fresh 
surfaces  continually. 

722.  Heat  in  Gilding. — The  solution  is  to  be  heated  in  a 
glass  or  enamelled  iron  vessel  to  130°-!  80®  Fahr.  The  warmer 
the  solution,  the  darker  the  colour  of  the  gold,  which  is  to  be 
controlled  by  regulating  the  battery  power  and  the  heat.  The 
anode  should  have  the  same  surface  as  the  object,  and  should  be 
fine  gold ;  the  object  should  be  kept  in  constant  motion,  and  if 
the  colour  is  too  dark,  its  distance  from  the  anode  increased. 

Gilding  is  one  of  the  most  difficult  processes  to  teach;  its 
variations  are  so  great  that  only  personal  experience  can  be  re- 
lied on,  as  the  colour  will  pass  from  pale  to  dark  with  very  slight 
changes  in  the  heat,  or  with  different  degrees  of  motion. 

When  the  solution  is  to  be  set  aside,  water  should  be  added 
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to  replace  tliat  evaporated  off  by  the  heat;  and  the  free 
cyanide,  if  needed,  should  be  added  at  the  same  time. 

723.  Oreen  gold  deposit  is  produced  by  adding  cyanide  of 
silver  to  the  solution,  or  working  it  from  a  silver  anode  till  the 
desired  tint  is  obtained. 

Bed  gold  is  obtained  in  the  same  way  by  the  use  of  copper. 
In  working  these  solutions  anodes  of  alloys  of  the  proper 
quality  should  be  used,  or  separate  anodes  as  in  §  686. 

724.  The  eirength  of  the  soZuf  ton  varies  greatly  under  work  owing 
to  the  actions  referred  to  §  684,  and  to  the  fact  that  cyanide  of 
potassium  dissolves  gold  pretty  freely  while  hot ;  therefore,  in 
addition  to  the  solvent  action  of  the  current  on  the  anode  there 
is  this  direct  chemical  action  on  both  anode  and  the  deposited 
gold.  Therefore  the  deposit  may  at  times  represent  little  more 
than  three-fourths  of  the  gold  taken  from  the  anode,  and  there- 
fore the  solution  tends  to  be  enriched  and  the  free  cyanide  to  be 
used  up.  This,  however,  is  met  by  using  smaller  anodes,  and 
the  usual  tendency  in  working  is  to  impoverish  the  solution  by 
economizing  the  costly  anode. 

The  colour  of  the  anode  is  a  very  sensitive  test  of  the  state  of 
the  solution,  and  immediately  shows  whether  the  free  cyanide 
is  deficient,  by  becoming  foxy ;  on  the  other  hand  it  ought  not 
to  become  bright,  but  be  of  a  clear  dead  yellow. 

725.  Finishing  is  effected  precisely  as  described  for  silver. 
Colouring. — If  the  colour  is  bad  it  may  be  made  rich  by  the 

following  mixture:  One  part  each  of  alum,  sulphate  of  zinc, 
and  common  salt,  and  two  parts  of  saltpetre  are  mixed  in  water 
into  a  paste,  which  is  to  be  smeared  over  the  articles,  which  are 
then  plcu>^  on  an  iron  plate  upon  a  dear  fire,  heated,  and 
thrown  into  cold  water.  A  bad  colour  in  silver  may  be 
remedied  with  borax  applied  and  similarly  treated  till  it  nises. 
Articles  united  with  soft  solder  cannot  be  treated  by  these 
processes. 

726.  Plating  Iron  and  Steel. — For  -some  reason,  difficult  to 
understand,  it  is  impossible  to  obtain  an  adherent  coating  of 
either  silver  or  gold  directly  upon  iron  or  steel,  no  matter  how 
perfectly  the  surface  may  have  been  cleaned.  It  is  therefore 
customary  to  deposit  first  a  mere  film  of  copper  from  an  alkaline 
solution,  as  previously  described.  A  film  of  mercury  would 
have  advantages  over  that  of  copper,  for  the  same  reasons  that 
such  a  film  is  frequently  used  upon  even  copper  or  brass  to  se-. 
cure  a  more  perfect  union  between  the  metals.  But  iron  resists 
the  union  with  mercury  as  well  as  with  silver  and  gold,  and  it 
is  very  difficult  to  coat  its.  surface  with  a  perfectly  even  homo* 
geneous  amalgam,  though  many  processes  have  been  su^ested 
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and  said  to  be  snooessfal.  That  which  I  have  found  best  con- 
sists of  a  mixture  in  equivalent  proportions  of  the  nitrates  of 
silver  and  mercury,  in  quantities  represented  by  about  50  gr.  of 
each  metal  to  .a  pint  of  solution.  The  metals  are  to  be  separately 
dissolved  in  just  sufficient  nitric  acid,  the  mercury  in  dilute  and 
cold  acid,  and  then  mixed,  sufficient  free  nitric  acid  being  kept 
in  the  solution  to  feebly  act  upon  iron  when  plunged  in  it. 
The  metal  leaves  this  solution  covered  with  a  dark  powder, 
which,  on  lightly  brushing  under  water,  gives  place  to  a  bright 
surface.  The  object  should  be  at  once  placed  in  the  silvering 
solution,  and,  when  a  coating  is  seen  to  be  formed,  it  should 
be  removed,  washed,  dried,  and  heated  to  about  400°  Fahr. : 
its  surface  should  be  then  scratch-brushed,  and  the  article 
replaced  in  the  silvering  solution  till  a  sufficient  coating  has 
been  deposited.  Iron  and  steel  may  also  be  amalgamated  by 
rubbing  with  sodium  amalgam  after  well  cleaning,  and  may 
then  be  plated  in  the  same  way  as  other  metals. 

727.  Nickel  Platino. — This  process  has  come  into  much  use 
in  the  last  few  years,  and  bids  fair  to  be  very  largely  employed 
for  many  articles  in  common  use.  There  is,  however,  much 
misconception  as  to  the  purpose  and  advantages  of  a  coat  of 
nickel.  It  takes  a  veiy  brilliant  polish  of  a  bluish  tint,  and 
the  hardness  of  the  metal  enables  it  to  retain  that  polish  much 
loDger  than  silver  does ;  then,  unlike  silver,  it  is  not  affected  by 
sulphuretted  hydrogen,  and  does  not  blacken  with  the  gases 
given  off  from  burning  coal  or  gas ;  it  is  therefore  admirably 
adapted  for  such  purposes  as  shop-fittings,  and  particularly 
scales  and  weights,  which  would  merely  require  to  be  washed 
or  wiped  in  order  to  keep  them  clean ;  and  for  window- frames 
and  door-plates,  which  would  long  retain  their  beauty  with 
little  labour.  But  it  is  often  stated  that  nickel  resists  acids, 
and  this  is  not  the  case,  for  all  the  ordinary  acids  dissolve  it 
freely ;  it  is  therefore  not  suited  for  instruments  to  be  used  in 
chemical  laboratories,  or  where  acid  fumes  prevail;  nor  is  it 
adapted  for  lining  to  vessels  used  for  cookery,  as  silver  is. 
However,  although  nickel  is  very  closely  allied  to  iron  in  its 
chemical  properties,  it  does  not  rust  in  the  air,  though  it 
takes  a  yellow  tarnish  which  may,  however,  often  be  due  to 
an  action  on  the  underlying  metel  through  the  pores  of  the 
coating. 

728.  Nickel  Solution. — ^Nickel  may  be  deposited  from  almost  any 
of  its  solutions,  but  compounds  of  the  metal  with  alkalies  work 
better  than  the  plain  salts  of  nickel.  The  cyanide  of  nickel  and 
potassium  works  well  and  is  said  to  be  improved  by  the  addi^ 
tioh  of  common  salt.   The  chloride  of  nickel  cmd  ammonium  is  also 
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a  good  eolation,  and  may  be  made  by  passing  a  current  from  a 
nickel  anode  into  a  strong  solution  of  ammonium  chloride,  as 
described  for  silver,  §  702.  The  compound  of  nickel  and  ammonia 
with  sulphuric  acid  is,  however,  the  best,  and  it  has  two  forms. 
The  ammonio-sulfhate  may  be  prepared  by  dissolving  crystals  of 
nickle  sulphate  m  liquid  ammonia  forming  a  dark  blue  solution ; 
it  cannot  be  recommended  because  it  constantly  loses  ammonia. 
The  sulphate  of  nickel  forms  NiS04+  7H2  0  155  +  126  =  a8i, 
green  rhombic  prisms  containing  7  atoms  of  water.  Sulphate 
of  ammonia  (NH4)2  SO4  =132  has  the  property  of  replacing  one 
of  these  atoms  of  water  and  forming  the  double  crystal  NiSO« 
(NH^)^  SO4  4-  6  Hj  0  =  395,  a  saturated  solution  of  which,  witii 
a  little  water  added  to  diminish  the  tendency  to  crystallise,  is 
the  solution  to  be  used. 

The  sulphate  can  be  made  by  dissolving  crude  nickel  in  the 
acid,  and  purifying  it  from  other  metals,  but  it  is  unnecessaty 
to  give  the  process  because  the  double  salt  is  an  article  of 
commerce,  and  is  better  bought  them  made.  The  double  salt 
crystallizes  out  on  addition  of  sulphate  of  ammonia  in  excess  to 
the  sulphate  of  nickel,  as  the  double  sulphate,  though  freely 
soluble  in  water,  is  insoluble  in  the  sulphate  of  ammonia  solu- 
tion, which  will,  therefore,  throw  it  down  out  of  old  solutions 
if  desired. 

This  solution  has  a  great  legal  and  commercial  interest,  as  it 
has  been  the  subject  of  prolonged  litigation,,  with  the  final 
result  of  proving  that  it  is  dangerous  for  people  to  attempt  to 
appropriate  common  knowledge.  The  use  of  the  double  sulphate 
was  known  long  ago,  and  mentioned  in  Smee's  Electro-Metal- 
lurgy;  again,  in  1855,  Br.  Gore  described  its  use:  but  yet  a 
patent  was  taken  out  in  1 869  by  Dr.  Adams,  in  which  nothing 
was  added  to  existing  knowledge,  except  the  statement  that 
the  total  absence  of  potash  and  soda  was  essential,  which 
statement,  however,  is  not  correct.  Yet  the  law  allowed  that 
question  to  be  battled  through  the  courts  at  enormous  costs, 
till  at  last  it  was  established  &at  the  patent  had  nothing  in  it. 
One  curious  incident  of  that  litigation  was  that  Mr.  Weston 
took  out  a  patent  for  a  nickel  solution  containing  boraoic  acid,  to 
be  neutralized  with  canstic  soda :  the  object  of  this  **  inven- 
tion "  was  probably,  not  actually  to  work  that  "  improvement," 
but  to  forcibly  demonstrate  that  the  very  things  on  which  the 
litigated  patent  hinged,  and  the  absence  of  which  was  said  to 
be  essential,  could  be  used  without  injury  to  the  process. 

729.  Depositing  Nickel. — The  real  difficulty  lies,  not  in  the 
selection  of  a  solution,  but  in  the  management  of  the  operation, 
for  nickel  is  different  from  any  of  the  ordinary  metals  hitherto 
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described,  in  that  its  deposit  is  always  aooompanied  by  a  con- 
siderable evolution  of  hydrogen  eas ;  this  is,  of  course,  pure 
waste  of  power,  and  the  object  to  be  aimed  at  is  to  get  as  little 
gas  and  as  much  nickel  as  possible.  Another  consequence  is, 
that  the  deposit  is  apt  to  contain  gas,  and  therefore  to  be  porous 
or  flaky,  in  which  case  the  coating  tends  (as  soon  as  it  reaches 
a  moderate  thickness)  to  split  and  curl  up,  and  separate  in 
brilliant  fi^ms.  To  prevent  this,  the  solution  should  be  strong, 
and  the  battery  power  carefully  adjusted  to  the  work  doing.  A 
powerful  battery  is  required  at  first  starting,  such  as  two  or 
three  Bunsens  in  series,  but  as  soon  as  a  complete  coating  is 
obtained,  economy  and  good  working  both  require  less  force  to 
be  exerted ;  for  the  main  deposit  a  single  Smee  cell  is  sufficient, 
but  its  size  must  correspond  to  that  of  the  objects  to  be  coate^, 
and  the  resistance  of  the  depositing  cell  must  be  controlled  by 
means  of  ample  anode  surface,  fully  as  large  as  the  objects. 
The  solution  should  have  a  sp.  gr.  of  i  '030,  and  must  be  kept 
neutral  or  very  slightly  alkaline  by  addition  of  ammonia  when 
necessary,  this  being  the  most  essential  detail  of  the  process : 
the  tendency  of  all  ammoniacal  salts  is  to  become  acid  by  losing 
ammonia,  and  any  free  acid  thjis  produced  prevents  metal  from 
depositing,  or  redissolves  it  in  the  act  of  depositing,  giving  off 
hydrogen  in  its  place. 

Sulphate  of  nickel  may  be  used  in  a  single  cell  process  exactly 
as  in  the  case  of  copper,  but  it  is  an  exceedingly  wasteful  plan, 
as  the  nickel  salt  passes  through  the  porous  cell,  and  is  reduced 
upon  the  zinc  plate,  just  as  copper  is. 

The  surface  of  the  nickel  deposit,  when  good,  presents  a  very 
peculiar  appearance;  it  is  not  bright — a  bright  deposit  wDl 
usually  peel  off,  but  of  a  dull  yellowish  colour;  after  removal 
and  washing  it  has  to  be  worked  up  to  brightness  by  the  usual 
processes  of  polishing. 

730.  Anodes  ofcasi  nickel  are  now  to  be  readily  purchased ;  at 
one  time  the  metal  went  to  a  high  price,  owing  to  the  demand 
and  the  difficulty  of  casting  it,  when  pure ;  but  large  supplies 
of  ore  have  been  discovered  in  New  Caledonia  and  in  America, 
and  the  manufacture  beine  greatly  improved,  the  metal  is  now 
cheap ;  it  melts  easily  when  a  little  tin  is  added,  and  it  has 
been  discovered  of  late  that  a  small  addition  of  phosphorus  also 
causes  it  to  melt  freely  :  other  improvements  have  been  made 
so  that  it  can  even  be  rolled  into  sheet  metal  and  welded  upon 
sheets  of  iron. 

731.  The  following  particulars  of  apparatus  on  the  factory 
scale  may  prove  useful : 

The  depositing  ceU  contains  about  70  gallons  of  liquid,  in 
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whioh  the  double  sulphate  is  dissolved  at  the  rate  of  three- 
quarters  of  a  pound  per  gallon  :  it  is  a  wooden  tank,  lined  with 
asphaltum  cement,  5  feet  6  inches  long,  2  feet  wide,  and  14 
inches  deep. 

The  hcUtery  is  a  cell  containing  about  10  gallons  of  liquid, 
which  is  a  very  dilute  sulphuric  acid  (20  ounces  to  the  chai^  is 
named),  fitted  with  six  amalgamated  zinc  plates  9  X  10  inches 
with  six  equal  sized  carbon  plates  arranged  alternately  between 
the  zincs. 

About  6  inches  square  of  anode  surface  is  used  per  gallon  of 
solution,  and  the  anode  surface  is  always  kept  in  excess  of  that 
to  be  plated.  In  some  cases  batteries  are  used  consisting  of  two 
cells  in  series,  similar  to  that  described,  the  plates  in  each  cell 
being  connected  so  as  to  act  as  one  plate  of  each  kind ;  but  the 
dynamo-machine  is  rapidly  superseding  the  battery  for  all  work 
of  electro-deposition  on  the  large  scale. 

732.  Irok  Defositino. — Iron  has  very  great  chemical  resem- 

/  blances  to  nickel,  and  most  of  the  remarks  made  upon  the  latter 

;  metal  apply  also  to  iron.    The  solutions  are  corresponding  ones, 

<  in  which  iron  takes  the  place  of  nickel,  but  owing  to  the 

'   tendency  of  iron  salts  to  pass  into  a  higher  state  of  oxidation, 

I    th6y  spoil  rapidly.    Hydrogen  is  given  off  also,  and  it  would 

1    appear  that  tne  corresponding  oxygen  appears  at  the  anode, 

'    unites  there  with  the  iron,  and  thus  tends  to  the  production  of 

'    basic  salts.     For  these  reasons,  in  the  case  of  iron,  the  double 

'    chloride  of  iron  and  ammonia  appears  to  be  more  advantageous 

than  the  sulphate.     To  produce  this,  dissolve  clean  iron  wire  in 

hydrochloric  acid,  using  heat  at  the  close,  and  having  iron  in 

excess  to  prevent  the  formation  of  perchloride;  for  every  58 

grs.  of  iron  dissolved  add  53-5  grs.  of  ammonium  chloride  to 

the  solution.    I  have  found  that  the  addition  of  a  proportion  of 

,  glycerine  to  the  solution  diminishes  its  tendency  to  spoil.    No 

deposit  can  be  obtained  from  a  solution  of  a  ferric  salt ;  in  these 

the  action  takes  the  form  of  a  generation  of  hydrogen  at  the 

cathode,  which  reduces  the  salt  to  the  ferrous  condition ;  at  the 

anode,  meanwhile,  iron  is  dissolved  by  the  acid  set  free  until  a 

neutral  ferrous  solution  is  produced.    In  consequence  of  this,  an 

iron  solution  which  is  spoilt  either  by  action  of  the  air  6r  by 

generation  of  basic  salts,  may  be  renovated  by  adding  the  proper 

acid,  and,  if  needed,  heating  it  till  it  becomes  clear,  and  passing 

current  from  an  iron  anode.    Of  course  there  must  also  be  a 

proportionate  addition  of  ammonium  chloride. 

A  good  working  solution  may  also  be  made  by  passing 
current  from  an  iron  anode  into  a  solution  of  i  part  sal-ammoniac 
in  10  of  water.     It  is  said  also,  that  carbonate  of  ammonia. 
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i^  lb.  pef  gallon  of  water,  will  produce  a  good  solution  in  this 
manner. 

The  deposit  of  iron  is  likely  to  have  in^portant  scientific  uses, 
as  in  examining  the  laws  of  magnetism,  but  it  would  not  seem 
likely  to  have  extensive  practical  application.  Its  principal 
utility  is  likely  to  be  in  the  same  direction  in  which  it  has 
been  used  for  some  years — ^viz.  for  printing  purposes.  It  has 
been  used  to  give  wliat  is  called  a  **  steel  face  "  to  copper  plates, 
by  depositing  on  them  a  thin  film  of  hard  crystalline  iron 
which  does  not  seriously  affect  the  fine  lines  of  engraving,  but 
wears  much  longer  than  copper,  and  when  defaced,  can  be 
dissolved  by  acids  and  renewed,  without  the  plate  itself  being 
subjected  to  wear.  It  takes  the  ink  well  also,  and  will  work 
with  some  inks,  such  as  vermilion,  which  are  useless  with 
copper.  It  would  probably  answer  well,  also,  for  facing  to 
ordinary  type. 

I  have  been  informed,  on  what  I  believe  to  be  good  authority, 
that  iron  deposits  beautifully,  although  accompanied  with 
torrents  of  gas,  with  a  battery  of  ten  or  twelve  Bunsens  in 
series,  but  I  have  not  myself  tried  anything  beyond  two  or 
three  Smees. 

733.  Platinum. — ^This  is  an  exceedingly  difficult  metal  to 
deposit^  in  fact,  although  some  writers  say  that  it  is  to  be 
done,  it  is  very  doubtful  if  a  reguline  film  of  tough  metal  has 
ever  been  obtained.  The  deposit  is  highly  crystalline  and 
brittle  at  its  best,  and  tends  very  strongly  to  pass  into  the 
state  of  black  powder^  It  is  commonly  stated  that  a  very 
feeble  battery  is  required,  but  this  is  not  the  case:  on  the 
contrary,  it  requires  a  force  equal  to  four  Smees  in  series,  in 
order  to  overcome  the  great  resistance  of  the  liquids,  and  to 
compensate  for  the  fact  that  there  is  no  action  on  the  anode ; 
the  platinum,  therefore,  is  wholly  derived  from  the  solution,  and 
must  be  replaced  as  chloride ;  this  non-action  of  chlorine,  even 
nascent,  and  in  the  electric  circuit,  is  very  difficult  to  under- 
stand, because  platinum  is  chemically  dissolved  by  chlorine, 
which  unites  with  it  readily  as  salts.  A  small  "  current,"  or 
rather  small  density  of  current,  is  required  in  order  to  prevent 
undue  generation  of  gas  and  black  deposit.  I  have  found  that 
a  *'  density  "  of  *  2  is  the  utmost  current  to  be  used« 

The  equivalent  of  platinum  deposited  is  variable,  owing  to 
gas  being  generated.  I  have  obtained  from  44  to  48  ;  theoreti- 
cally it  is  49*3  corresponding  to  one  equivalent  of  chloiine, 
owing  to  all  these  solutions  being  of  the  platinic  series. 

A  sound  deposit  of  platinum  would  be  very  valuable  for 
chemical  purposes,  but  1  do  not  think  a  trustworthy  one  can  be 
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obtained,  which  would  be  a  protection  to  the  metal  beneatii. 
But  a  thin  deposit  of  highly  crystalline  platinum,  such  as  may  be 
obtained  from  §  736,  would  be  more  valuable  for  use  in  Smee 
batteries,  upon  silver,  than  the  ordinary  black  powder,  though 
it  would  be  more  costly  at  first. 

734.  Platinic  chloride,  PtCl,  on  the  equivalent  notation,  or 
FtCi4  oA  the  atomic,  is  the  basis  of  all  the  solutions  of  platinum. 
Its  preparation  requires  some  precautions,  as  it  must  not  be 
heated  at  any  time  beyond  the  heat  of  the  water-bath,  or  a 
change  takes  place  which  is  not  correctly  stated  in  the  text- 
books. They  say  that  platinous  chloride  is  produced,  which 
will  redissolve  in  excess  of  acid.  I  have  found  that  over- 
heating, even  with  great  excess  of  acid,  turns  the  solution  a 
dark  olive  instead  of  clear  yellow  (or  red,  if  iridium  is  present), 
and  that  a  black  powder  is  formed  which  cannot  be  redissolved 
without  drying  and  heating  to  red :  it  may  be  that  this  is  due 
to  the  other  metals  usually  accompanying  platinum.  Platinum 
left  in  a  bottle  with  aqua  regia  (i  nitric  and  3  hydrochloric 
acid)  will  dissolve  in  time,  but  the  process  is  a  very  long  one ; 
heating  in  a  water-bath  hastens  it ;  it  should  then  be  evapora- 
ted to  dryness  in  the  bath,  dissolved  in  a  little  water,  and  if 
desired  left  to  crystallize.  This  solution  may  be  used  to 
deposit  from,  but  it  requires  very  great  care. 

735.  Sodio  PlaHnic  Chlonde  is  obtained  by  adding  i  equiva- 
lent  of  common  salt  (58*5)  to  i  equivalent  of  platinic  chloride 
(169*5),  which  corresponds  to  98*5  of  platinum  in  solution:  it 
may  be  crystallized  as  a  yellow  salt.  This  deposits  more 
easily  than  the  chloride. 

J  3  6.  A  still  better  solution  is  made  by  adding  to  the  fore- 
going about  4  equivalents  (63  x  4  =  252)  of  oxalic  acid,  and 
then  rendering  the  solution  strongly  alkaline  with  caustic  soda. 
This  in  fact  is  the  best  solution  I  have  tried.  A  similar  one 
may  be  made  from  the  yellow  precipitate  formed  by  ammonium 
or  potassium  chloride  with  platinic  chloride.  These  precipi- 
tates are  soluble  in  oxalic  acid  (a  fact  not  noticed  in  the  text- 
books, so  far  as  I  know,  or  in  Storer's  dictionary  of  solubilities)  ; 
more  of  the  acid  is  required,  however,  and  the  ammonia  preci- 
pitate requires  boiling.  The  sodium  foim  is  however  prefer- 
able, as  most  stable. 

737.  Boettger  sa^s,  that  with  fresh  ammonio  platinum 
chloride  dissolved  in  concentrated  solution  of  citrate  of  soda, 
forming  a  deep  orange  solution  very  rich  in  platinum,  two 
Bunsen's  cells  give  a  lustrous  homogeneous  deposit. 

738.  Eoseleur  recommends  10  parts  of  platinum  converted 
into  platinic  chloride,  dissolved  in  500  parts  water ;  100  parts 
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orystallized  phosphate  of  ammonia  in  500  parts  water;  these 
two  being  stirred  together  a  precipitate  is  formed :  500  parts  of 
orystallized  phosphate  of  soda  dissolved  in  icxx>  of  water  are 
now  added  and  the  whole  boiled  as  long  as  ammonia  is  given 
off  and  until  the  liquid  has  an  acid  reaction.  The  solution  is  to 
be  used  hot,  with  a  strong  battery. 

739.  Aluminium. — The  depositing  of  this  metal  would  be  a 
process  of  great  value  in  the  arts.  Several  such  have  been 
published,  and  some  patented,  but  none  is  of  any  practical 
value.  In  one  case  it  is  stated  that  a  solution  of  alumina 
mixed  with  cyanide  of  potassium  decomposes  with  six  Bunsens 
or  ten  Smees.  This  statement  is  strictly  true :  it  does  decom- 
pose, only,  unfortunately,  it  does  not  deposit  aluminium,  but 
simply  gives  off  hydrogen.  I  spent  a  good  deal  of  time  and 
trouble  over  this,  till  I  satisfied  myself  that  cyanogen  will  not 
unite  (as  a  cyanide^  with  aluminium.  In  another  b^ok  (a  good 
one,  too)  a  process  is  given  which  is  essentially  one  for  obtain- 
ing a  solution  of  sulphate  or  chloride  of  aluminium,  and  it  is 
stated  that  from  this  a  fine  white  deposit  of  aluminium  can  be 
obtained.  It  may  be  so,  but  all  I  can  say  is,  I  cannot  obtain  it, 
nor  can  I  find  that  any  one  has  as  jet  succeeded  in  effecting  a 
deposit ;  all  the  solutions  I  have  tried,  acid,  neutral,  and  a&a- 
line,  decompose  and  give  off  gas,  but  refuse  to  deposit  metal.  I 
believe,  however,  that  aluminium  may  be  more  readily  deposited 
in  alloy  with  other  metals,  and  with  ^reat  advantage. 

Aluminium  may  be  reduced  from  its  chloride  by  means  of 
electricity,  as  a  source  of  the  metal,  however,  if  the  chloride 
contained  in  a  crucible  is  kept  in  fusion  bv  heat  while  the 
current  passes,  a  carbon  pole  with  nicks  cut  into  it  being  used 
to  receive  the  reduced  metaL  Aluminium  may  be  obtained 
from  OryoliUy  a  natural  double  fluoride  of  sduminium  and 
sodium,  by  this  process. 

740.  Organic  oddB  have  peculiar  relations  to  metals,  and  their 
presence  often  brings  about  great  modifications  of  chemical 
actions.  This  has  been  found  of  service  in  electro-metallurgy 
and  offers  a  prospect  of  many  new  ones. 

Cast-iron  and  steel  have  been  coated  with  copper  on  the  laree 
scale,  for  many  years,  as  for  lamp-posts,  statues,  <&c.,  by  Weirs 
solution,  which  is  made  thus,  150  parts  of  Bochelle  salt  (tartrate 
of  soda  and  potash)  are  dissolved  in  locx)  parts  of  water ;  80 
parts  of  soda-lime  containing  ^o  or  60  per  cent,  of  caustic 
soda,  and  35  parts  of  sulphate  01  copper,  are  added.  The  lime 
removes  the  sulphuric  acid  and  the  solution  remains  a  strongly 
alkaline  one.  This  solution  may  be  used  with  a  battery,  but 
is  best  worked  by  single  cell  process,  either  by  attaching  zinc  to 
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the  objects  or  by  nsing  a  porous  vessel  containing  caustic  soda 
for  the  zinc.  As  the  copper  is  removed  an  equivalent  propor- 
tion of  oxide  of  copper  should  be  added. 

Similar  solutions  can  be  used  with  nickel  and  other  metals, 
and  other  organic  acids  besides  tartaric  acid  have  similar 
effects ;  see  §  742. 

741.  Depositing  Allots. — It  is  supposed  by  many,  and  the 
idea  is  supported  by  many  indirect  statements  in  the  bookB, 
that  metals  deposited  by  electrolysis  are  absolutely  pure ;  but 
this  is  a  great  mistake,  as  far  as  the  principle  is  concerned.  It 
is  true  that  the  current  exercises  an  elective  influence  when  salts 
of  several  metals  are  in  company,  as  explained,  §  614 ;  this  election 
depends  upon  the  fact  that  each  chemical  compound  requires  a 
definite  force  to  break  it  up,  and  therefore,  as  a  rule,  the  one 
most  easily  decomposed  will  deposit  its  metal  in  preference  to 
the  others ;  but  if  the  force  be  su£Qcient,  all  will  be  decomposed, 
and  a  mixture  of  metals  will  come  down.  The  solution  also 
exerts  a  selective  influence  on  the  materials  of  the  anode;  hence 
pure  copper  can  be  obtained  in  a  solution  of  the  sulphate  firom 
an  impure  plate,  because  the  sulphuric  acid  refuses  to  dissolve 
the  carbon,  lead,  tin,  &c.,  which  form  a  dirty  coating  over  the 
plate  after  a  time,  while  any  xinc  and  iron  passing  into  solution 
require  so  much  more  "force  to  decompose  that  they  remain  in 
solution ;  but  pure  copper  would  not  be  so  easily  obtained  &om 
a  solution  of  chloride,  nitrate,  or  acetate,  as  these  would  cany 
over  the  easily  reducible  metals,  which  would  deposit  even 
^jooner  than  the  copper. 

742.  But  the  object  to  be  attained  in  depositing  alloys  is  to 
be  able  to  secure  a  definite  proportion  of  a  given  quality,  and  as 
to  the  mode  of  effecting  this  very  little  is  really  known.  The 
subject  is  of  so  much  interest,  and  may  have  so  much  importance, 
that  I  depart  from  my  usual  practice  of  stating  nothing  that  I 
have  not  thoroughly  tested.  In  this  case  I  propose  to  give  the 
particulars  of  various  solutions  published  for  depositing  brass 
and  bronze,  and  then  to  furnish  a  statement  of  the  principles 
necessary  to  be  attended  to  in  any  attempts  to  devise  solutions 
and  modes  of  working. 

1.  De  Salzede. — Dissolve  the  cyanide  of  potassium  in  120 
parts  of  the  water,  then  in  the  remainder  dissolve  the  salts  of 
potash,  zinc,  copper,  and  ammonia,  raising  the  heat  to  about 
150^  Fahr.,  adding  each  salt  as  the  first  is  dissolved,  and 
Stirling  well ;  then  mix,  and  allow  to  stand  a  few  days. 

2.  De  Salzede,  prepared  in  same  way  as  i. 

Both  are  worked  with  brass  anode,  and  a  batteiy  of  two 
Bunsen's  cells  giving  a  full  current. 
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The  quantities  are  proportional,  grains  or  onnoes,  &o. : 
Tablb  XXV,— Brassing  Solutions. 


I 

» 

J 

4 

5 

6 

7 

8 

Water 

5000 

5000 

1280 

50 

400 

160 

10 

2000 

Copper       

.. 

.. 

., 

,, 

, . 

,. 

„      chloride..     .. 

25 

15 

,, 

,, 

2 

,, 

,, 

10 

„      acetate   ..     .. 

•  • 

5 

10 

,, 

,, 

,, 

,, 

„      cyanide  ..     .. 

•  • 

•■ 

,, 

,, 

2 

,, 

, , 

Zinc  snlpbate     ..     .. 

48 

35 

10 

•• 

4 

•  * 

,, 

20 

„    acetate       ..     .. 

•• 

,, 

I 

•  • 

^, 

,, 

„    cyanide      .,      .. 

,, 

,, 

,, 

,, 

,, 

I 

,, 

Potasflium  cyanide    .. 

12 

50 

8 

« 

,, 

16 

I 

24 

„        carbonate.. 

610 

500 

72 

,, 

SO 

,, 

,, 

z6o 

„        acetate     .. 

,, 

10 

,, 

,, 

,, 

Ammonia  liquid 

,, 

,, 

40 

,, 

•• 

, , 

,, 

* 

„        carbonate  .. 

,, 

.. 

,, 

.. 

16 

I 

.. 

•  „       nitrate 

305 

•• 

•• 

•• 

25 

•• 

•• 

•• 

*  SufBcient  to  e£fect  the  puipose. 

Bronze  may  be  deposited  by  substituting  chloride  of  tin  for  the 
Sulphate  of  zinc — 2J  parts  in  i,  and  12  in  2,  working  at  a  tem- 
perature not  ezoeedmg  97°. 

3.  Divide  the  water  into  two  parts,  and  one  of  these  into  four 
parts,  and  dissolve  the  salts,  i,  the  copper,  and  add  half  the 
ammonia;  2,  the  zinc,  at  about  180°  Fahr.,  and  the  rest  of  the 
ammonia ;  3,  the  potash ;  4,  the  cyanide  of  potassium  in  hot 
water.  Then  mix  i  and  2,  and  add  3  and  then  4,  stirring  well ; 
then  add  the  remaining  half  of  the  water. 

Work  with  brass  anode  and  full  battery  power,  adding 
ammonia  and  cyanide  of  potassium  when  required. 

4*  Bussell  and  Woolrich. — ^Dissolve  the  salts,  and  add  suffi- 
cient cyanide  of  potassium  to  redissolve  the  precipitate  formed 
and  be  somewhat  in  excess.    Worked  with  brass  anode. 

5.  Dissolve  separately  and  mix. 

o.  Dissolve  and  mix,  adding  the  cyanide  last. 

y.  This  is  to  be  prepared  by  the  battery  process,  the  solution 
being  made  and  kept  at  150^.  A  large  brass  anode  and  a  small 
cathode  are  connected  to  a  battery,  and  current  passed  till  the 
solution  deposits  freely. 

8.  Brunell. — Dissolve  separately,  mix  the  copper  and  zinc 
solutions  each  with  part  of  the  potash,  then  with  ammonia 
enough  to  redissolve  all  precipitate,  and  add  the  cyanide  solu- 
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tion.    To  be  worked  with  large  brass  anode  and  two  or  more 
Bunsen's  cells,  adding  ammonia  and  cyanide  as  required. 

It  is  stated  by  Watts  that  the  solutions  ^,  7,  and  6,  oontaining 
ammonia,  work  the  best,  because  they  dissolve  the  zinc  from 
the  anode  more  freely ;  and  that  whenever  a  white  deposit  forms 
on  the  anode,  free  ammonia  should  be  added. 

No.  6,  which  is  Morris  and  Johnson's,  is  spoken  of  very 
highly  by  some  as  giving  good  deposits  capable  of  varying  pro- 
portions. It  is  to  be  worked  hot,  and  requires  strong  battery- 
power,  giving  off  abundant  gas  while  working. 

Weil's  solution,  §  740,  can  be  used  to  deposit  bronze  by  adding 
stannate  of  soda,  or  chloride  of  tin  dissolved  in  caustic  soda ;  or 
brass  by  a  similar  addition  of  zinc  dissolved  by  caustic  soda,  and 
so  on  with  other  metals  as  desired. 

743.  Principles. — (i)  The  object  to  be  attained  is  the  deposit 
of  de^nite  proportionate  weights  of  two  or  more  metals :  but  as 
the  current  knows  nothing  about  weights,  but  measures  its  work 
by  equivalents,  the  proportions  by  weight  desired  must  be 
reduced  to  equivalent  proportions,  by  dividing  the  weight  by 
the  electric  equivalent  given  in  the  table,  p.  319.  Thus,  a  brass 
is  required  containing  64  copper  to  36  zinc ;  64-^3i*75  =  a*02 
and  36-f-32*6=i'o8  gives  the  proportion  in  which  the  current 
must  divide  itself  between  the  salts  of  copper  and  zinc. 

(2^  The  solution  need  not  contain  the  two  metals  in  either 
of  tne  two  proportions,  weight,  or  equivalent;  the  relative 
degree  can  have  no  fixed  law,  as  it  must  depend  on  several  con- 
ditions, and  mainly  upon  a  combined  consideration  of  the 
facility  with  which  the  two  salts  decompose,  and  the  equivalent 
proportion  required  to  be  decomposed. 

(3)  Incompatible  salts  cannot  be  joined  in  one  solution  (that 
is  to  say,  salts  which  exchange  their  constituents  or  throw  down 
a  portion  as  insoluble),  unless  another  ingredient  is  to  be  added 
which  will  redissolve  the  precipitate;  this  latter  is  often  the 
case  when  ammonia  or  cyanide  of  potassium  is  to  be  added, 
more  especially  ammonia.  In  such  cases,  however,  it  must  be 
ascertained  that  these  new  conditions  do  not  alter  the  relative 
conductivity  or  decomposability  of  the  various  metals  in 
solution. 

(4)  It  is  of  the  utmost  importance  that  the  metals  of  which 
the  alloy  consists  should  not  have  any  strong  electric  relatians 
to  each  other  in  the  solution  to  be  used.  It  must  be  remembered 
that  what  is  called  the  electric  order  of  metals  is  a  pure  delusion, 
unless  taken  in  a  particular  solution,  fbr  a  metal  may  be  positive 
to  another  metal  in  one  solution  and  negative  to  it  in  another, 
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as  this  depends  on  the  relative  afifinities  of  the  metals  to  the 
other  radicals. 

(5)  It  is  denrable  that  the  several  salts  should  have  nearly 
the  same  electric  resistance,  or  that  these  resistances  (which 
partly  depend  upon  the  quantity  of  each  salt  dissolved)  should 
be  proportioned  to  the  relative  currents  required  (see  i) ;  but 
this  is  not  essentiaL 

(6)  It  is  essential  that  the  battery  power  be  balanced  against 
the  decomposability  of  the  several  salts.  This  is  distinct  from 
their  resistance.  Each  chemical  combination  needs  a  fixed  force 
to  decompose  it,  and  this  is  effected  by  maintaining  a  sufiScient 
electric  tension  at  the  plates  to  effect  it.  This  may  be  called  \ 
the  specific  molecular  resistance^  set  up  at  the  cathode  only,  while 
the  electric  resistance  lies  in  the  space  between  the  plates.  If 
there  is  a  great  difference  between  the  specific  molecular  resist- 
ance of  the  different  salts,  the  current  will  tend  to  reduce  the 
lowest  only,  and  that  perhaps  in  a  powdery  state ;  in  such  cases 
the  only  remedy  is  to  have  only  a  sufficiency  of  the  weaker  salt 
present  to  supply  the  required  deposit,  thus  forcing  the  current 
to  act  sufficiently  upon  the  more  resisting  salt.    See  §  607. 

744.  Practical  Suggestioks. — There  is  only  one  mode  of  satis- 
factorily examining  all  these  points,  and  this  is  to  test  each  one 
by  means  of  a  galvanometer  which  will  measure  the  actions  on 
a  definite  system.  Vessels  of  the  same  size  should  be  used 
for  comparing  different  solutions,  and  plates  of  the  different 
metals  and  also  of  the  desired  alloy  provided,  all  of  exactly  the 
same  size,  such  as  a  square  inch  or  i  X  2,  with  such  an  arrange- 
ment as  will  insure  always  the  same  distance  between  them ; 
then,  to  ascertain  if  the  condition  4  is  MfiUed,  the  two  metals 
are  connected  to  the  galvanometer  as  if  they  were  battery-plates, 
to  see  if  a  current  of  notable  amount  is  set  up.  Tne  same 
arrangement  tests  condition  5  by  using  two  plates  of  the  same 
metal  as  the  solution;  the  greater  the  resistance,  the  less 
current  will  pass  from  a  constant  battery.  Condition  6  can  be 
tested  at  the  same  time  by  observing  how  many  cells  of  the 
battery  are  required  to  force  a  given  current  through,  but  this 
test  will  be  only  approximate  as  the  resistance  affects  it ;  still, 
it  will  give  practical  information. 

Care  must  be  taken  that  there  is  sufficient  free  solvent  and 
also  water  to  freely  dissolve  the  anode  and  keep  it  clean,  as 
sometimes  one  metal  will  dissolve  more  readily  than  the  other. 
This,  as  well  as  other  points,  will  be  ascertained  in  the  experi- 
mental vessel  by  testing  with  separate  anodes  of  the  various 
metiJs ;  they  ought  all  to  allow  the  same  current  to  pass  under 
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the  same  conditionB,  because  this  depends  wholly  on  the  action 
of  the  anode. 

It  will  be  observed  that  the  object  in  these  experiments  is  to 
isolate  and  yary  one  particular  fact  at  a  time  and  measure  its 
influence. 

745.  Anodbs. — These  should  usually  be  of  the  kind  to  be 

•     deposited,  so  as  to  maintain  the  solution  uniform.    But  it  may 

I      be  desirable  to  use  several  plates  of  the  separate  metals.    Here, 

I      I  think,  may  be  found  a  principle  in  alloy  depositing  which  has 

I      not  yet  been  employed — viz.  to  use  a  separate  battery  for  each 

.      anode,  so  as  to  vary  the  force  exerted  on  each  metal  as  necessary ; 

I      by  this  means  both  conditions  may  be  controlled,  exactly  wb 

1     proper  propoi*tions  of  each  metal  may  be  forced  into  the  solution, 

and  the  required  tension  may  be  exerted  upon  each.    It  is  true 

that  the  metals  are  not  transferred  by  the  current  itself,  and 

!     therefore  the  different  currents  will  not  select  at  the  caUiode 

their  own  particular  metal,  but  a  sufficient  electric  force  for 

each  will  be  present  at  the  cathode,  and  the  due  utilizing  of  it 

must  be  provided  for  by  attention  to  the  other  conditions 

explained.     A  similar  result  may  be  attained  with  one  battery 

sufficiently  powerful,  by  leading  separate  connections  from  the 

^  positive  pole  to  each  anode,  and  interposing  i-esistances  so  as  to 

,  control  the  current  to  each ;  but  distinct  batteries  would  be  best. 

Of  course,  all  the  negative  poles  would  go  to  the  object  to  be 

deposited  on,  the  cathode ;  it  would  also  be  desirable  to  have  a 

galvanometer  in  the  circuit  of  each  anode  to  secure  accuracy. 
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CHAPTER  XI. 

TERRESTRIAL  ELEGTRICITT. 

746.  Earth  Currents. — ^The  telegraph  lines  have  revealed 
the  existenoe  of  currents  due  to  causes  independent  of  the 
batteries,  varying  in  direction  and  also  in  stren^h;  they 
frequently  render  it  impossible  to  send  messages  along  lines 
by  means  of  the  usual  earth  plates,  but  necessitate  a  return 
wire  circuit,  proving  that  the  E  M  F  exists  at  the  earth  plates, 
not  in  the  wires.  It  has  also  been  found  that  lines  having 
east  and  west  direction  are  more  disturbed  than  those  having  a 
north  and  south  direction.  It  ifi  not  necessary  to  go  fully  into 
this  subject,  as  to  which  knowledge  is  imperfect,  though 
growing,  but  the  following  particulars  are  derived  from  various 
communications  to  the  Society  of  Telegraphic  Engineers. 

747.  The  usual  effect  of  the  earth  currents,  is  that  of  a  low 
EMF  continually  fluctuating  in  intensity  while  nearly  con- 
stant in  direction,  which  may  be  considered  the  normal  action ; 
there  are,  however,  reversals  of  direction  of  the  current^  though 
it  seldom  changes  its  line  of  conduction ;  and  at  times  there  are 
great  and  rapid  changes,  both  of  force  and  direction,  which  are 
called  magnetic  storms, 

748.  A  general  cause  produces  the  currents;  they  are  not  due  to 
local  conditions  at  the  two  points  connected  by  the  wires,  for  a 
comparison  of  observations  taken  at  many  different  parts  shows 
simultaneous  variations. 

749.  The  gei^eral  direction  of  the  currents^  that  is  to  say,  their 
course,  appears  to  be  along  the  lines  of  magnetic  latitude,  those 
of  equal  declination,  or  north-east  and  south-west  in  England  ; 
this  of  course  must  be  the  case  if  the  currents  and  the  earth's 
magnetism  are  in  any  way  connected  together.  Eliminating 
the  various  disturbing  causes,  it  would  appear  that  the  proper 
direction,  that  is,  the  normal  current  follows  the  sun :  that  is  to 
say,  it  corresponds  with  Fig.  36,  p.  97,  and  with  Fig.  35,  con* 
stituting  the  earth  a  magnet  with  its  south  pole  pointing  north, 
which  is  really  the  case,  if  we  compare  the  earth  with  one  of 
our  magnets. 
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^50.  The  E  M  F  corresponding  to  the  cnrrentB  is  usually  abont 
b  *03  per  mile:  during  a  general  disturbance  in  January 
1 88 1,  it  rose  to  volt  '5  per  mile,  and  at  the  same  time  an 
unusual  disturbance  occuired  in  the  activity  of  the  sun;  in 
other  cases  a  force  of  two  volts  per  mile  has  been  observed,  and 
it  is  said  to  have  risen  as  high  as  6  volts. 

The  E  M  F  shown  in  submarine  cables  is  much  lower  than 
that  of  land  lines ;  rarely  exceeding  i  or  2  volts  for  the  whole 
cable,  but  it  does  not  follow  from  this  that  it  is  really  lower  in 
the  ocean  than  in  the  earth:  the  resistance  of  ike  sea  is 
practically  nothing ;  the  line  in  which  the  earth  current  is  set 
up  is  really  a  mere  derived  circuit  from  the  natural  one; 
therefore  the  current  traversing  the  conductor  will  of  oourBe  be 
proportional  to  these  resistances  and  must  needs  be  lower  in 
cables  traversing  the  sea  than  in  lines  dividing  with  the  earth. 

751.  The  EMF  has  periodic  variatioM:  it  has  a  diurnal 
variation,  with  maxima  about  10  a.m.  and  4  P.M.,  also  after 
midnight,  and  a  minimum  near  sunrise:  information  on  this 
point  is  scanty  and  not  to  be  relied  on,  but  it  indicates  a 
connection  with  the  solar  heat  corresponding  to  the  magnetic 
variation,  §  3 18.  It  also  shows  that  we  must  regard  the  earth's 
magnetism,  not  as  consisting  of  one  definite  homogeneous  line, 
such  as  would  be  due  to  a  permanent  bar  magnet  passing 
through  the  earth,  or  to  one  suspended  within  the  earth's 
interior,  but  rather  as  due  to  a  series  of  independent  bars  or  lines 
forming  a  shell,  each  line  of  which  has  its  own  local  influences 
and  independent  motions,  besides  combining  to  produce  the 
total  effect  of  the  earth's  magnetism. 

752.  Mctgneiic  storms  are  also  periodic  and  related  to  solar 
activity,  the  maxima  and  minima  of  frequency  coinciding  with 
the  1 1 -year  cycle  of  sun-spots,  and  special  storms  have  often 
been  found  to  occur  in  company  with  the  outbreak  of  large 
spots  on  the  sun;  see  §  142.  1877  was  a  year  of  very  slight 
disturbance. 

*  753.  It  would  appear  from  observations  of  Mr.  A.  J.  S.  Adams 
that  the  position  of  the  moon  as  regards  the  earth  has  some 
important  influence  upon  the  normal  current,  though  we  may 
not  adopt  all  the  theories  on  the  subject  which  he  examined  in 
a  paper  published  vol.  x.  p.  34,  '  Journal  of  Society  of  Tele- 
graphic Engineers'  for  1881. 

754.  The  magnetic  variations,  §  318,  indicate  that  the  presence 
and  position  of  the  sun  is  acting,  and  we  have  two  modes  of 
action  to  consider:  i.  the  thermo-electric;  we  have  two  points 
of  erowing  and  diminishing  heat  at  opposite  sides  of  the  earth, 
and  points  of  maximum  e^nd  minimum  heat  between  them,  and 
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iheBe  points  travellmg  round  the  earth.  2.  The  magnetic: 
variation  of  temperatnre  modifies  magnetic  capacity  and  in- 
tensity, §  138  ;  all  the  materials  of  the  earth  are  magnetic,  and 
therefore  the  heat  of  the  sun  must  produce  a  state  of  lower 
magnetism  trayelling  around  the  earth,  with  an  electric  current 
as  a  consequence.  All  these  no  doubt  play  their  respective 
parts  in  the  total  effect. 

755.  As  the  magnetic  polarity  and  intensity  of  the  earth 
undergo  constant  changes  at  each  locality,  which  are  tanta- 
mount te  moving  a  magnet  across  the  normal  earth  currents, 
it  follows  that  we  must  expect  a  variation  in  these  currents 
themselves;  but  which  is  really  the  cause  and  which  is  effect 
we  must  wait  to  learn. 

756.  Supposed  Static  Chabgbs. — From  observations  taken  at 
Eew  and  Qreenwich  it  appears  that  no  changes  in  the  electrical 
conditions  of  the  atmosphere  are  found  to  accompany  the 
magnetic  storms,  a  circumstance  of  great  significance  to  any 
theories  based  upon  supposed  static  charges  on  the  earth. 

757.  In  connection  with  this  subject  the  theorv  of  Messrs. 
Ayrton  and  Perry  as  to  the  source  of  terrestrial  magnetism 
should  be  mentioned.  They  attributed  it  to  a  static  charge  of 
electricity,  which  Professor  Bowland  shows  acts  like  a  current  if 
it  be  moved  around  a  body :  they  calculated  this  charge  as  10^ 
micro-£Etrads  and  that  it  would  require  a  difference  of  potential 
of  some  54  million  volts  between  earth  and  space. 

756.  Taking  the  value  of  atmospheric  potential  estimated  by 
Sir  W.  Thomson,  §  765,  they  calculate  that  ^'the  probable 
actual  charge  therefore  equals  1364  X  10^'  G.G.S.  units  or  about 
14  times  as  great  as  would  be  necessary  to  produce  the  earth's 
magnetic  moment  if  the  earth  were  solid  iron."  It  is  worth 
while  to  note  these  statements,  because  the  paper  in  which  the 
theory  was  set  forth  is  a  very  elaborate  mathematical  calcula- 
tion, and  a  very  striking  illustration  of  the  manner  in  which 
mathematicians  can  pratfe  anything  they  like.  AH  that  is 
necessary  is  the  little  phrase  we  so  commonly  meet  in  these 
cases,  '*  if  we  assume."  Now  this  theory  assumes  first  that 
there  is  a  static  charge  of  electricity  on  the  earth,  for  which 
tiiere  is  not  a  particle  of  evidence ;  it  calculates  the  potential  as 
above  of  a  charging  source,  one  pole  to  earth  and  the  other  to  all 
the  bodies  in  space,  the  only  way  by  which  a  charge  would  be 
got  at  all,  and  naturally  the  only  conceivable  source  would  be 
tiie  sun,  and  the  result  would  be  opposite  -f-  and  —  charges  on 
the  sun  and  the  planets ;  even  a  mathematician  in  search  of  a 
theory  would  scarcely  venture  to  assume  that  the  earth  is  the 
source  of  the  force ;  yet  Professor  Perry  on  another  occasion 
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says  "  it  is  very  probable  the  charges  of  all  bodies  of  the  solar 
system  have  the  same  sign,"  though  how  such  charges  are  ocm- 
ceivable  is  yet  to  be  explained. 

759.  However,  Prof.  Bowland,  by  another  caloolation,  showed 
that  the  supposed  charge  would  only  account  for  i -640,000th 
part  of  the  earth's  magnetism,  so  that  Messrs.  Ayrton  and  Perry 
have  abandoned  this  theory  as  to  the  total  magnetism,  but  still 
maintain  it  as  to  i-ioooth  of  the  total,  in  order  to  acoount 
for  the  fluctuations  of  the  earth's  magnetism,  and  so  for  the 
production  of  earth-currents. 

.  By  another  elaborate  calculation,  Prof.  Bowland  shows  that 
if  tne  moon  were  electrifled  to  an  equal  potential  to  that 
required  by  the  theory,  the  repulsion  set  up  would  drive  it  off 
into  space,  which  however  Messrs.  A.  and  P.  find,  would  result 
in  only  one-fourteenth  of  that  mechanical  effort.  He  also 
showed  that  the  effect  of  the  supposed  charge  would  be  to 
burst  the  earth  up  altogether. 

It  is  rather  strange  that  it  did  not  occur  to  some  one  to 
"assume"  that  this  disruptive  tendency  was  oounterbalanoed 
by  the  magnetic  attractions  within  the  earth,  and  that  earth- 
quakes and  volcanoes  are  consequences  of  temporary  diminu- 
tions of  the  earth's  magnetism,  permitting  partial  disruption. 
There  would  be  no  difficulty  in  finding  quite  sufficient  evidence 
of  this  to  build  a  mathematical  calcuLition  upon,  which  would 
prove  it  quite  as  easilv  as  it  has  been  proved  on  the  one  hand, 
that  the  earth  actuaUy  has  a  charge  fourteen  times  as  great 
as  one  which,  on  the  oilier  hand  it  is  also  proved,  would  break 
it  to  pieces. 

760.  CosMicAL  Electricity. — Electricity  is  a  favourite  resort 
for  people  in  want  of  a  theory  or  an  explanation,  whether  it  be 
of  oomet  tails,  or  a  blight  upon  apple  trees ;  they  are  apt  to 
feel  a  sense  of  satisfaction  in  saying,  "  they  are  caused  by  elec- 
tricity." It  is  natural,  therefore,  to  think  that  the  all-pervad- 
ing force  of  electricity  may  play  an  important  part  in  astrono- 
mical phenomena :  there  is,  however,  no  warranty  for  the  sup- 
position, and  when  we  ooneider  that  electricity  is  a  purely 
molecular  relation,  there  is  good  reason  to  believe  that  nothing 
resembling  electrical  action  occurs  across  space.  That  energy 
traverses  space  is,  of  course,  certain,  but  in  which  of  its  forms 
it  does  so,  is  unknown,  though  light  appears  the  most  probable, 

'  and  magnetic  induction  may  also  bear  a  part.  But  there  is  no 
sort  of  evidenoe  that  anything  resemoling  static  electrical 
actions  occurs,  or  that  the  cosmical  bodies  have  anything  in  the 
nature  of  free  charges  of  electricity. 

761.  The  nature  of  electricity  itself  is  opposed  to  the  idea, 
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when  we  recognize  (note,  p.  21)  that  it  involvee  two  equal 
opposite  charges  connected  by  lines  of  force.  Therefore,  it  is 
impossible  to  conceive  all  the  bodies  in  space  ''  charged  with 
electricity  of  l^e  same  sign,"  which  would  involye  a  mutual 
repulsion,  according  to  the  doctrines  connected  with  supposed 
free  charts.  But  we  have  positive  proof  that  opposite  cSiargeB 
do  not  exist  on  the  sun  and  the  sevenJ  planets.  If  suck  charges 
existed,  gravitation  uxndd  not  he  a  constant  force.  The  planets,  as 
they  approached  each  other,  would  have  their  attractions 
paitly  neutralized  by  electric  repulsion,  and  this  effect  would 
vary  with  the  mass  and  size  of  the  planets,  because  their 
capacity  for  electricity  varies  as  their  radius,  §  93  (a),  while 
their  masses,  if  constituted  alike,  vary  as  the  cube  of  the 
radius.  But  astronomy  shows  that  the  mutual  action  of  gravi* 
tation  is  directly  as  the  masses,  and  is  the  same  between  the 
several  planets  as  it  is  between  them  and  the  sun,  neither  of 
which  would  be  the  case  if  they  were  charged  bodies,  as  the 
sun  would  have  the  electric  attraction  added  to  that  of  gravita- 
tion, while  the  planets  would  repel  each  other  against  gravita- 
tion. 

762.  Clerh  MaxwelTs  theory  of  light,  is  that  light  itself  is  an 
electro-magnetic  disturbance :  he  conceives  that  electro-magnetio 
action  is  transmitted  across  space  by  waves  at  right  angles  to 
the  line  of  transmission,  as  light  is ;  that  electricity  and  light 
have  the  same  absolute  velocity  and  that  as  a  consequence  all 
true  conductors  of  electricity  are  opaque.  That  there  is  a 
connection  between  light  and  electricity  is  certain  from  the 
effects  of  electric  stress  upon  the  transparency  of  substances  and 
from  the  fftct  that  the  specific  inductive  capacity  is  related  to 
the  square  of  the  index  of  refraction ;  this  is  a  result  of  the 
theory  which  is  approximately  true  for  rays  of  great  wave- 
length. But  it  may  be  doubted  whether  all  the  coincidences 
are  not  simply  consequences  of  the  molecular  actions  of  both 
light  and  electricity  upon  matter,  rather  than  evidences  of 
identity  of  nature  or  action.  At  present  the  theory  is  only  a 
matter  of  speculation,  but  it  may  ultimately  become  of  impor- 
tance in  connection  with  the  transmission  of  energy  across 
space,  and  for  that  reason  it  is  mentioned  here. 

763.  Atmospheric  Electricity. — Inasmuch  as  every  chemical 
action  or  even  mechanical  disturbance  of  molecular  arrange- 
ments sets  up  electrical  conditions,  which  very  often  are 
regarded  as  causes  when  they  are  merely  consequences  (as  in 
the  phenomena  of  life),  we  might  expect  to  find  the  moving 
and  changing  atmosphere  in  a  constantly  varying  electrical 
condition,  varying  in  fact  not  only  in  time,  but  at  even  neigh- 
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bonring  places.  We  may  also  be  oertain  that  these  ohangee 
must  react  upon  the  vital  actions  and  sensations  of  all  organiamA 
influenced  by  them,  and  that  the  average  electrical  condition  of 
any  place  will  be  an  important  element  in  its  climatic  qualities ; 
but  very  little  is  as  yet  known  on  this  subject. 

764.  The  electric  condition  of  any  point  in  the  atmosphere  is 
observed  by  means  of  a  conductor  terminating  at  that  point  and 
brought  to  the  same  potential.  This  may  be  effected  by  means 
of  living  vegetables,  such  as  grass  and  leaves,  which  are  more 
effective  than  the  pointed  metallic  conductor :  it  is  more  com- 
monly effected  by  means  of  a  flame  or  a  roll  of  smouldering  touch- 
paper  at  the  end  of  the  conductor:  Sir  W.  Thomson  usee  a 
metallic  cistern  of  water  fitted  with  a  tube  from  which  the 
water  continually  drops:  these  conductors  are  insulated  from 
the  earth  and  connected  to  the  electrometer,  such  as  one  of  the 
pairs  of  the  quadrant  electrometer ;  the  other  pair  being  put 
to  "earth"  so  as  to  indicate  the  "difference  of  potential" 
between  the  earth  surface  and  the  point  of  the  conductor. 
Greater  elevations  may  be  explored  by  means  of  kites,  Ihe 
string  of  which  may  contain  a  wire :  it  was  by  such  means  that 
Franklin  established  the  identity  of  lightning  and  electricity ; 
but  it  is  a  dangerous  experiment  and  more  than  one  has  lost 
his  life  in  making  it. 

765 .  Sir  W.  Thomson  found  a  difference  of  potential  of  430  volts 
in  9  feet,  or  from  23  to  46  per  foot,  at  the  Isle  of  Arran,  and  40  at 
Aberdeen.  But  we  cannot  legitimately  deduce  irom  this  that  a 
similar  rate  of  increase  extends  to  any  great  distance  from  the 
earth's  surface. 

The  electrification  varies,  being  at  its  highest  about  8  ajc., 
and  8  to  9  p.m.  in  summer,  and  10  a.m.  and  6  pji.  in  winter,  and 
lowest  about  3  p.m.  and  midnight :  this  really  indicates  that  it 
is  highest  just  when  the  greatest  change  of  temperature  occurs, 
and  when  the  dew-fiill  and  evaporation  are  greatest.  It  may 
interest  some  to  know  that  an  east  wind  always  raises  the  + 
electrification,  while  rain  is  almost  always  attended  with  — 
potential  in  the  air. 

766.  It  should  be  clearly  understood  that  this  electrification 
is  m  no  sense  a  static  charge ;  it  is  simply  a  condition  set  up  in 
the  air  analogous  to  that  which  exists  in  the  glass  of  a  Leyden 
jar ;  the  surface  of  the  earth  and  the  air  have  equal  +  and  — 
electric  quantities  distributed  over  them,  or  inasmuch  as  there 
is  really  no  "  quantity  "  at  all  on  the  earth  surface  (or,  if  it  is 
considered  as  having  a  —  charge  its  quantity  varies  with  the 
thickness  of  the  air  compared  with  it^,  what  is  really  measured 
is  the  energy  stored  in  the  "  field  01  force  "  constituted  by  the 
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air  space:   therefore  there  remainB  nothing  to  act  towards 
external  space. 

767.  It  may  be  worthy,  of  consideration  whether  a  difference 
o£  eleetrie  paUntial  exists  at  all  in  the  atmosphere  in  ordinary 
conditions,  or  at  all  events  whether  more  than  a  small  portion  of 
what  is  observed  exists  as  such.  It  is  most  probable  that  a  con- 
tinnally  varying  electrification  is  really  produced  by  the  friction 
of  wind  and  of  cloud  masses ;  but  it  may  be  that  the  greater 
part  of  the  observed  effect  is  due  to  the  instruments  themselves ; 
that  the  charge  is  potential  energy,  not  electricity,  and  that  the 
conductor  of  the  instruments,  by  providing  the  return  circuit, 
establishes  the  conditions  under  which  me  potential  energy 
takes  the  form  of  E  M  F. 

768.  EtfaporcUion  from  the  salt-containing  waters  of  the  earth 
has  been  commonly  regarded  as  the  source  of  atmospheric 
electricity,  this  act  being  supposed  to  carry  off -f  electricity  and 
so  leave  the  earth  itself— ;  but  the  balance  of  evidence  indicates 
that  electricity  is  not  developed  by  quiet  evaporation.  Those 
experiments  which  indicate  its  production  are  attended  with 
other  causes,  such  as  chemical  action  upon  the  containing  vessel, 
or  else  friction  set  up  by  rapidly  issuing  steam.  Faraday 
examined  this  subject  with  his  usual  care,  with  the  result  that 
the  electricity  was  due,  not  to  the  evaporation,  but  to  the  friction 
of  particles  of  water,  <&c.,  carried  by  the  issuing  steam ;  he  also 
found  that  the  addition  of  various  substances  moditied  the  result, 
an  action  which  is  traceable  to  changes  in  the  surfaces  of  the 
particles  of  water. 

769.  But  it  is  most  probable  that  although  evaporation  does 
not  directly  set  up  difference  of  electric  potentials,  or  generate 
•*  electricity,"  it  is  yet  the  origin  of  the  greater  part  of  the 
phenomena  of  atmospheric  electricity.  It  is  the  great  agency 
for  storine  up  the  potential  energy  derived  from  the  eun,  and  dis^ 
tributing  it  over  the  earth,  and  the  phenomena  of  electricity, 
whether  in  the  thunder-storm  or  the  incessant  quiet  changes 
going  on,  are  part  of  the  process  by  which  the  potential  energy 
stor^  in  the  vapour  is  transformed  into  the  various  forms  of 
force  employed  by  nature. 

When  we  consider  that  i  pound  of  water  stores  (speaking  only 
in  round  numbers)  over  700,000  foot-lbs,  of  energy  and  that,  as 
explained  §  576,  potential  energy  develops  "  electric  potential " 
under  proper  conditions,  we  can  have  no  difficulty  in  under- 
standing where  atmospheric  electricity  comes  from. 

So  also  the  sudden  (manges  of  electric  potential  are  intelligible 
if  we  imagine  a  mass  of  vapour  as  having  undergone  such 
changes  as  partly  condense  it  into  a  cloud,  a  collection  of  minute 
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electrified  vesioles,  whicli  gradually  ooaleBoe  into  rain-drops  ; 
here  we  have  conditions  in  which  the  charge  is  gradnaUy 
accumulated  upon  surfaces  growing  smaller,  therefore  the 
potential  rises  until,  as  in  the  case  of  ordinaij  discharge — §§  83, 
94  (d) — the  dielectric  resistance  of  the  air  is  overcome  and 
discharge  occurs  as  a  flash  of  lightning,  between  the  dead  and 
either  another  cloud,  or  the  surface  of  the  earth,  forming  the 
other  charged  part  of  the  electrified  system. 

770.  When  a  flash  of  lightning  occurs  we  can  conoeiYe  it  as 
due  to  the  transformation  of  the  potential  energy  of  the  vaponr 
in  the  air,  all  along  the  track  of  the  flash,  which  is  the  axis  of 
the  field  of  force  set  up :  this  energy  being  thus  transformed 
into  dynamic  electricily  and  its  attendant  work,  the  yapour 
condenses  into  water  and  we  have  the  effect  so  commonly 
noticed  in  thunder-storms,  of  an  instantaneous  downpour  of 
water  accompanying  the  flash. 

771.  EarihquaSsea  and  volcanic  eruptions  are  attended  with 
powerful  electric  discharges,  which  are  probably  consequences 
of  the  mechanical  energy  expended,  or  of  chemical  action  of 
water  upon  heated  masses  of  earth.  It  is  probable  that  further 
study  will  enable  them  to  be  foreseen  by  means  of  these  actions 
at  their  earlier  stages,  as  the  grinding  of  the  rocks  will  furnish 
indications  of  the  disturbance  going  on,  long  before  it  culmi- 
nates in  the  full  action.  Buried  microphones  transmit  sound  as 
a  consequence.  During  the  tremendous  eruption  of  Mount 
Krakatow  in  Java,  August  1863,  the  telephones  in  Singapore^ 
5cx>  miles  distant,  were  so  affected  that  conversation  was  im- 
possible and  a  perfect  roar  as  of  a  waterfall  was  heard  with 
occasional  reports  as  of  a  pistol.  This  effect  was  due  to  action 
upon  a  short  length  of  submerged  cable,  by  the  tremors  in  the 
earth. 

In  like  manner  telephones  are  affected  by  flashes  of  lightning 
even  at  a  considerable  distance,  partly  by  induction  on  the  wires, 
partly  by  variation  in  the  magnetic  intensity,  as  described  §  128. 

772.  Waterspouia  and  cyd<me»  also  are  electrical  in  character, 
and  it  is  stated  that  Professor  Douglass  of  Michigan  has  pro- 
duced artificial  (or  imitations  of)  cydones  by  suspending  a  laige 
plate  of  copper  by  silk  threads  and  strongly  charging  it  with 
electricity  which  is  said  to  hang  down  like  a  bag,  and  may  be 
rendered  visible  by  arsenious  acid  gas  which  gives  it  a  green 
colour.  The  result  is  a  miniature  cyclone,  fiinnelHshaped  and 
whirling  around,  which,  as  the  plate  is  moved  over  a  table,  picks 
up  loose  objects.  The  description  is  rather  in  the  way  of 
"popular  science,"  but  there  may  be  something  in  it  worth 
attention,  though  it  would  be  advisable  for  experimentalists  to 
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use  something  less  poisonous  than  arsenious  acid  gas  even  at  the 
risk  of  losing  the  green  colour.  A  plate  wetted  with  ammonia 
and  a  bottle  of  hydrochloric  acid  open  below  would  produce 
suitable  fames. 

773.  Thunder-storms. — The  common  conception  of  lightning 
may  almost  be  described  as  a  belief  that  there  is  something 
packed  away  in  the  clouds,  which  at  some  uncertain  moment 
falls  from  them  as  a  ''  thunder-bolt,"  or  rushes  out  upon  the  . 
earth  as  a  discharge  of  "  electric  fluid,"  with  destructive  eflocts, 
resembling  in  some  degree  those  of  the  bursting  of  a  reservoir 
of  water.  The  conductor  is  regarded  as  having  some  attraction 
for  the  "  bolt,"  and  also  as  a  pipe  to  receive  and  carry  off  the 
fluid.  These  ideas  are  not  only  erroneous  scientifically,  but 
they  are  the  source  of  many  practical  mistakes  in  the  setting  up 
of  conductors,  which  sometimes  lead  to  fatal  results. 

Those  who  have  comprehended  the  principles  of  static  elec- 
tricity explained  in  Chapter  II.,  will  see  that  they  are  applicable 
to  the  present  subject,  as  lightning  is  strictly  analogous  to  the 
artificial  electric  discharge.  They  will  at  once  understand  that 
the  discharge  does  not  merely  issue  from  the  clouds  and  rush  to 
the  earth,  but  that  the  latter  fulfils  a  function  just  as  important 
as  that  of  the  clouds ;  the  latter  are  indeed  the  "  prime  con- 
ductors "  of  nature's  great  electrical  machine,  but  the  force  is 
distributed  over  a  vast  "  inductive  circuit,"  of  which  the  air  and 
the  earth  form  as  much  a  part  as  the  clouds  themselves,  and  the 
discharge  is  a  redistribution  of  force  all  over  this  inductive 
circuit,  not  across  the  air  simply. 

774.  The  thunder-cloud  is  in  fact  to  all  intents  a  condenser 
plate  upon  which  terminates  the  polarized  chain  of  a  circuit, 
and  there  are  two  varieties  of  thunder- storm,  which  depend 
upon  the  nature  of  the  opposite  condensing  plate.  This  may  be 
another  cloud  above,  or  at  a  distance  from  the  first ;  then  the 
discharges  occur  between  the  clouds  themselves,  and  the  only 
effect  on  the  earth  is  of  an  inductive  nature,  and  is  usually 
slight ;  this  is  the  case  with  what  is  called  sheet  lightning,  in 
wMch  the  clouds  are  vividly  illuminated,  but  there  is  no  line  of 
light  visible.  In  the  other  class  the  surface  of  the  earth  forms 
the  second  condenser  plate,  the  air  and  all  bodies  between  the 
clouds  and  the  earth  are  ''  polarized,"  and  assume  a  condition 
analogous  to  that  produced  in  the  neighbourhood  of  an  electric 
machine  at  work.  Discharge  at  last  occurs  in  one  or  more  lines 
in  which  the  resistance  happens  to  be  least,  when  the  tension 
has  risen  to  a  degree  greater  than  the  resistance  of  the  circuit 
can  sustain.  Very  slight  circumstances  determine  the  direction 
of  this  discharge :  an  animal  standing  on  the  ground,  a  tree,  the 
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preseDce  of  extra  Tnoisture,  or  a  metallic  vein,  or  a  range  of 
pipiDg  in  the  ground  may  suffice. 

775.  This  is  very  evident  in  the  case  of  ships  at  sea:  they 
will  not  only  draw  a  flash  of  lightning,  but  there  is  good  reason 
to  believe  that  they  frequently  cause  a  change  in  the  direction 
of  the  wind  itself  by  the  electrical  conditions  they  set  up.  It  is 
a  common  circumstance  for  a  squall-cloud  to  arise  and  work  lialf 
round  a  vessel,  and  at  last  come  towards  it  and  take  it  aback 
more  or  less  suddenly.  If  the  path  of  the  cloud  be  traced  out  it 
will  be  found  to  be  of  the  nature  of  a  parabola ;  the  original 
motion  being  gradually  diminished,  and  its  direction  diverted  to 
the  vessel.  I  have  frequently  seen  this  occur;  and  on  one 
occasion  a  very  heavy  squall-cloud  rose  on  the  weather  bow  of 
a  ship  I  was  in;  it  crossed  our  course  and  went  away  to 
leeward,  we  running  up  nearer  and  nearer  to  its  path:  the 
cloud  then  stopped,  rapidly  returned  toward  us,  against  the 
wind  we  had,  and  as  it  reached  above  us,  a  violent  change  of 
wind  occurred,  the  cloud  threw  out  its  charge,  struck  the  iate 
and  main  top-gallant  masts,  and  killed  two  men. 

It  will  be  easily  conceived  that  a  large  vessel,  with  its  three 
masts  the  only  salient  points  arising  from  the  earth's  surface  in 
the  neighbourhood,  must  produce  a  great  effect  upon  the  elec- 
trical conditions  around  it,  and  that  this  may  frequently  be  the 
cause  of  the  sudden  changes  of  wind  experienced.  To  this  same 
order  belong  a  variety  of  natural  phenomena,  such  as  what 
sailors  call  St.  Elmo's  Fire,  when  the  points  of  masts  and  yards 
are  tipped  with  lambent  flames,  which  resemble  the  common 
brush  discharge  of  our  machines. 

776.  BaU  Lightning  is  of  so  rare  occuiTence,  and  it  is  so 
dangerous  and  terrifying,  that  trustworthy  accounts  are  not  to 
be  readily  obtaine4*  It  appears  to  consist  of  a  fiery  globe  of  a 
reddish  tint  rotating  on  its  axis,  which  slowly  traverses  the 
ground,  sometimes  at  a  few  feet  elevation,  which  in  some  cases 
explodes  with  a  loud  noise  and  emits  vivid  flashes  of  lightning 
in  all  directions.  Its  truly  electric  nature  was  long  doubted 
because  nothing  resembling  it  was  seen  in  electric  experiments. 
But  among  the  many  curious  effects  obtained  by  M.  Plante, 
with  his  enormous  secondary  battery  and  condenser  arrange- 
ment, he  has  met  with  and  described  something  strongly 
resembling  ball  lightning.  The  experiment  consists  of  two 
metallic  conductors,  one  dipping  into  dilute  acid,  while  the 
other  is  held  a  little  over  the  acid,  after  first  dipping  in :  the 
effect  appears  to  consist  of  a  kind  of  brush  discharge  through 
films  of  moisture  or  vapour,  which  form  an  apparent  globe  of 
fire  rotating  on  its  axis. 
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It  appears  probable  that  ball  lightning  is  really  a  glow  or 
brush  discharge  formed  upon'  a  mass  of  dust  or  vapour,  and 
possibly  connected  with  a  small  whirlwind  such  as  is  frequently 
aeen ;  that  this  serves  as  a  kind  of  focus  upon  which  are  con- 
centrated the  lines  of  force  or  induction  from  a  moving  cloud, 
which  carries  this  opposite  pole  along  the  ground,  and  ulti- 
mately either  the  excitement  is  quietly  Exhausted,  when  the  ball 
disappears,  or  it  rises  to  the  point  of  violent  discharge.  Many 
of  the  accounts  of  ball  lightning  indicate  that  the  balls  form  in 
low  and  moist  spots,  and  often  in  connection  with  fogs. 

777.  In  the  true  thunder-storm  the  cloud  consists  of  a  series 
of  layers  or  zones  oppositely  electrified,  with  a  similarly 
arranged,  but  opposite  series  on  the  earth  beneath,  the  air 
between  completing  an  electric  circuit.  Such  a  circuit  is  often 
extended  over  many  miles,  so  that  when  a  discharge  occurs  at 
one  extremity  a  corresponding  one  in  the  reverse  direction 
(sometimes  called  the  back  stroke)  occurs  at  the  other  extremity, 
perhaps  twenty  miles  away.  The  clouds  themselves  may  be 
only  ICX3  feet  away,  or  two  or  three  miles.  Flashes  of  such 
length  have  indeed  been  measured  by  the  angle  occupied  by 
the  line  of  light  and  the  period  between  the  flash  and  the 
sound  of  the  thunder,  which  together  furnish  the  means  of 
calculating  the  length  of  the  visible  flash.  Several  attempts 
have  also  been  made  to  measure  the  time  occupied  by  a  dis- 
charge. Moving  objects,  when  photographed  by  its  light,  appear 
as  distinct  as  if  stutionarv,  but  by  means  of  revolving  mirrors 
it  has  been  ascertained  that  the  actual  duration  of  a  flash  is 
something  less  than  1-2 4,000th  of  a  second,  and  recent  investi* 
gations  make  it  doubtful  whether  it  is  not  even  less  than  a 
millionth ;  its  apparent  duration  is  an  efiect  of  our  own  eyes, 
due  to  what  is  called  persistence  of  vision,  owing  to  which  we 
cannot  lose  an  impression  once  produced  in  much  less  than  a 
sixth  of  a  second,  on  which  piinciple  are  based  so  many 
optical  toys. 

778.  Perhaps  the  most  complete  and  instructive  account  we 
have  of  the  phenomena  of  a  thunder-storm  is  that  of  Mr.  Crosse, 
who  set  up  a  collecting  system  of  wires  and  experimental 
apparatus  for  the  purpose  of  investigating  the  facts.    He  says, 

**  When  the  cloud  draws  near,  the  pith  balls  suspended  from  the  conductor  open 
wide  with  either  +  or  —  electricity ;  and  when  the  edge  of  the  cloud  is  perpendi- 
cular to  the  exploring  wire,  a  slow  succession  of  discharges  takes  place  between 
the  brass  ball  of  the  conductor  and  one  of  equal  size  carefully  connected  with  the 
nearest  spot  of  moist  ground.  After  a  number  of  explosions  of,  say  —  electricity, 
which  at  first  may  be  nine  or  ten  a  minute,  a  cessation  occurs  of  some  seconds  or 
minutes,  as  the  case  may  be,  when  about  an  equal  number  of  explosions  of  + 
electricity  follows  of  similar  force  to  the  former,  indicating  the  passage  of  tico 
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oj^xmtely  and  equally  electrified  zones  of  doud.  Then  follows  a  second  zone  of 
—  electricity,  occasioning  seTeral  more  discharges  a  minute  than  the  first  pair 
of  zones,  which  rate  of  increase  appears  to  vary  according  t^  the  size  and  power  Cff 
the  cloud.  .  .  .  When  the  centre  of  the  cloud  is  vertical  to  the  wire  the  greatest 
effect  takes  place.  ...  As  the  cloud  passes  onwards  the  opposite  portions  of  the 
zones,  which  first  affected  the  wire,  come  into  play ;  and  the  effect  is  weakened 
with  each  successlye  pair,  till  all  dies  away." 

This  description  is  consistent  with  the  whole  theory  of  elec- 
tricity developed  in  these  pages :  it  does  not  accord  with  the 
crude  "  fluid  theories,  and  the  idea  of  charges  of  free  electri- 
city :  but  it  does  agree  with  the  conception  of  electricity  as  a 
polar  force  setting  up  stresses  in  matter,  storing  up  energy  in 
those  stresses  until  the  capacity  is  exceeded  and  the  energy 
breaks  forth  as  heat  and  mechanical  work. 

779.  The  distance  of  a  thunder-storm  from  the  observer  may 
be  reckoned  by  the  interval  between  seeing  the  flash  and  the 
first  sound  of  tne  thunder,  as  sound  travels  about  1 100  feet  per 
second,  which  is  nearly  4^  seconds  per  mile,  while  light  travels 
practically  in  no  time.  The  duration  of  a  peal  of  thunder  also 
gives  an  approximate  measure  of  the  space  over  which  the 
storm  extends. 

780.  The  real  brightness  or  illuminating  power  of  lightning  is 
vastly  greater  than  it  appears  to  be,  because  the  eye  takes  time 
to  receive  the  impres6ion  and  spreads  over  the  period  of  one- 
sixth  of  a  second,  the  effect  of  energy  actually  expended  in  so 
much  shorter  an  intei-val,  §  777.  A  more  just  idea  of  the  real 
light-giving  power  of  the  lightning  flash  is  obtained  when  we 
reflect  that  this  apparently  fine  line  of  light  (resembling  the 
carbon  tbre€ul  of  the  incandescent  lamps)  is  capable  of  fully 
illuminating  a  wide  expanse  of  landscape.  This  is  thoroughly 
realized  at  sea  when,  in  the  intense  darlbiess  of  the  night  during 
a  tropical  thunder-storm,  one  waits  for  the  flash  to  lighten  up 
the  ship  and  enable  one  to  distinguish  the  men  and  the  work 
they  are  doing. 

781.  Lightning  is  not  a  mere  line,  such  as  it  appears  to  the  sight 
— indeed,  that  line  is  possibly  enough  only  a  visual  impression  of 
a  spark  rapidly  passing  along  the  line  ;  but  this  line  is  only  the 
axis,  the  most  intense  part  of  a  large  area  taking  part  in  the 
act  of  discharge:  there  have  been  Sequent  cases  of  the  same 
flash  doing  injury  at  several  points,  distant  30  or  40  yards  from 
each  other :  also  it  is  observed  that  a  number  of  vines  (which 
are  specially  sensitive  to  lightning)  in  a  vineyard  may  be 
injured  by  the  same  stroke,  to  as  many  as  several  hundred. 

782.  It  is  frequently  stated  that  the  bodies  of  those  killed  by 
lightning  are  marked  by  impressions  of  neighbouring  objects, 
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and  even  that  these  are,  as  it  were,  photographed  upon  the  skins 
of  people  who  have  received  little  injury.  How  far  this  is  true 
is  uncertain,  but  there  are  manv  apparently  authentic  accounts 
of  such  effects :  it  seems  probable  enough  that  any  object,  such  ' 
as  a  metallic  surface,  which  modifies  the  path  of  the  current, 
and  to  some  extent  condenses  a  charge  upon  it  and  serves  as  a 
fresh  centre  of  action,  may  form  the  outlines  of  its  shape.  But 
what  is  most  commonly  observed,  are  straggling  lines  which  look 
like  branches  of  trees,  and  are  frequently  said  to  be  pictures  of 
neighbouring  trees.  Some  have  thought  that  these  marks  are 
due  to  congestion  of  the  small  superficial  veins :  but  a  compari- 
son  of  many  drawings  and  photographs  of  such  markings  with 
similar  drawings  or  smoke  pictures  of  the  electric  discharge  will 
leave  little  doubt  as  to  the  identity  of  the  two,  and  convince 
the  mind  that  these  markings,  at  all  events,  are  simply  the 
spreading  outwards  of  the  lines  of  force  where  they  entered  the 
skin. 

It  is  of  more  moment  to  those  who  are  alarmed  at  the  flashes 
of  lightning  to  undei-stand  that  when  a  flash  is  seen  all  danger 
from  it  is  passed ;  a  person  struck  never  sees  the  flash,  and  it 
would  appear  that  this  death  is  the  most  instantaneous  and 
painless  which  can  be  conceived.  But  there  are  some  constitu* 
tions  to  whom  this  can  give  little  power  to  resist  the  unnerving 
influence  of  lightning,  because  this  is  not  due  to  mere  fear,  but 
to  a  direct  nervous  influence  such  as  is  experienced  by  many 
animals,  and  which  many  people  experienoe  in  a  minor  degree 
in  consequence  of  the  electric  conditions  existing  before  a  storm 
begins. 

783.  According  to  experiments  of  Mr.  De  la  Rue,  §  ioi,a  flash 
of  lightning  i  mile  long  involves  an  EMF  of  some  3  or  4 
million  volts,  whidi  is  about  633  volts  per  foot  or  16  times  as 
great  as  the  ordinary  potentials  observed  by  Sir  W.  Thomson, 
§  765.  Lightning,  though  it  be  a  current  of  electricity,  does 
not  obey  the  laws  of  Ohm;  it  does  not  distribute  itself  in  the 
inverse  ratio  of  the  conductive  resistances  offering  it  a  path  ;  it 
will  leave  a  conducting  wire  to  leap  across  an  air  space  offering 
many  thousand  times  the  resistance.  There  are  various  ways 
of  looking  at  this  fact.  Faraday  long  ago  pointed  out  that  there 
is  a  tendency  to  disruptive  discharge,  to  the  mechanical  work  of 
breaking  down  the  dielectric,  which  is  proportional  to  the  square 
of  the  EMF;  while  the  tendency  to  current  discharge,  with  which 
Ohm's  law  deals,  is  as  the  EMF  simply ;  and  with  the  enormous 
potentials  of  lightning,  the  square  of  the  EMF  may  hold  a 
more  favourable  relation  to  the  inductive  resistance  than  the 
EMF  does  to  the  conductive. 
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784.  Then  also  the  lightning  discharge  is  of  the  nature  of  a 
sudden  shock,  and  though  we  may  say  electricity  has  no  inertia 
or  momentum,  yet  the  molecules  of  the  conductor  most  have 

*  something  of  that  nature,  mnst  take  mmie  time  to  get  into 
motion,  and  it  is  quite  oonceiTable  that  the  resistance  of  the 
conductor  is  vastly  greater  during  that  period,  than  it  is  under 
ordinary  conditions.  We  may  compare  the  case  to  that  of  the 
candle  fired  at  a  board,  which  it  penetrates  under  the  force  of 
violent  impact,  while  it  would  crush  up  under  any  ordinary 
pressure.  The  practical  effect  is  to  show  the  impoi-tanoe  of 
making  the  conductive  rejsistance  to  lightning  infiniteaimally 
small,  because  any  resistance  in  the  passage  to  earth  may  result 
in  lateral  discharge. 

785.  The  foregoing  considerations  as  to  the  nature  of  the 
lightning  discharge  will  enable  us  to  see  what  are  the  true 
principles  of  conductors  to  avoid  its  effects.  They  are  not 
intended  to  attract  pr  convey  a  diicharge  from  the  clouds, 
although  they  must  undoubtedly  invite  the  discharge  by  setting 
up  a  line  of  low  resistance ;  but  their  object  is  to  supersede  the 
condition  of  polarization  and  tension  in  the  space  to  he  proieded, 
and  therefore  to  diminish  the  likelihood  and  frequ^icy  of  actual 
discharges.     They  do  this  in  a  twofold  manner : — 

^i^  They  practically  raise  the  earth's  surface  to  such  a  curved 
heignt  as  corresponds  to  the  electric  relations  of  the  conductor 
and  the  air ;  not  in  an  exact  invariable  form,  as  some  suppose  the 
protected  area  to  assume ;  but  still,  roughly  in  a  cone  from  the 
apex  of  the  conductor,  and  of  a  radius-  perhaps  equal  to  the 
height  of  the  point,  but  this  applies  only  to  the  rod  itself;  when 
buildings  are  in  the  included  cone  no  law  can  be  given,  as  the 
conditions  are  affected  by  their  form,  materials,  and  contents. 
Whatever  the  space  protected  may  be,  withiif  it  the  conductor 
lowers  or  nullifies  the  condition  of  tension,  transferring  it  to  the 
space  outside  the  cone,  &c.  (2)  They  react  also  upon  the 
exterior  space  in  the  direction  of  a  reversed  cone,  by  the  dis- 
charging properties  of  points  when  forming  part  of  a  polarized 
area,  as  explained,  §  83.  When  a  point  connected  to  "earth," 
or  the  rubber  of  the  machine,  is  approached  towards  the  prime 
conductor,  the  latter  cannot  be  changed,  but  a  brush  discharge 
occurs  and  a  current  is  produced  instead.  The  lightning  con- 
ductor acts  in  the  same  manner ;  as  soon  as  the  charged  cloud 
approaches,  and  would  begin  to  set  up  an  "  inductive  circuit " 
in  the  air,  to  the  earth  beneath  it,  a  current  begins  to  flow 
quietly  in  the  conductor,  the  potential  above  it  is  rapidly 
lowered,  and  may  not  be  able  to  accumulate  sufficiently  for  a 
violent  discharge,  i.  e.  a  lightning  flash,  at  all ;  but  if  it  does, 
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the  discharge  will  occur  through  the  space  between  the  cloud 
and  the  outer  area  of  the  conductor's  cone ;  and  the  conductor 
takes  it  up  in  the  form  of  a  momentary  increase  of  current. 

786.  These  principles  settle  conclusively  all  questions  as  to 
the  construction  of  lightning  conductors.  Their  object  should 
be  to  connect  to  earth  every  poition  of  a  building ;  and  as  this 
is  actually  possible  only  with  metal  buildings,  they  should  con- 
nect every  salient  point  and  as  much  of  the  surface  as  possible, 
so  as  to  extend  around  the  building  the  area  of  low  potential,  or 
artificial  "  eai-th  "  surface  opposed  to  the  cloud.  Chimneys 
require  especial  attention,  because  they  are  tubes  lined  with 
conducting  material,  containing  warmer  air,  and  if  with  fires, 
then  extending  a  comparatively  good  conducting  column  of 
warm  air  towards  the  cloud  and  so  inviting  a  discharge ;  hence 
it  is  that  lightning  almost  always  enters  a  house  by  the 
chimneys.  All  doors  and  windows  causing  currents  of  air 
should  be  closed  during  a  thunder-storm. 

787.  The  prime  essential  is  a  good  connection  to  water,  and 
this  water  in  good  electric  connection  to  the  mass  of  the  sur- 
rounding earth ;  water  and  gas  mains  provide  the  best  if  the 
conductor  is  well  secured  to  them ;  next  to  them  is  the  metal 
shaft  of  a  good  pump,  in  a  well  constantly  supplied  by  springs ; 
then  ponds  or  ditches.  What  is  required  is  a  large  metal 
surface  terminating  the  conductor,  and  in  contact  with  a  stratum 
of  moist  earth,  so  that  a  hole  sunk  into  wet  gravel,  into  which 
the  conductor  is  led,  and  surrounded  with  a  quantity  of  coke  to 
increase  its  surfaces  of  contact,  will  answer,  but  dry  clay,  or 
rock,  is  not  safe,  and  a  connection  to  water  contained  in  a  mere 
cistern,  as  is  sometimes  employed,  is  worse  than  useless.  This 
connection  should,  if  possible,  surround  the  building  by  means 
of  rods  from  its  various  comers,  either  led  to  different  earth 
plates,  or  else  continued  by  a  rod  round  the  house  to  one  earth 
connection.  Every  piece  of  metal-work  about  the  building 
should  be  utilized,  such  as  ridge-caps,  guttering,  and  water 
pipes.  These  cannot  be  trusted  as  conductors  because  of  the 
joints  in  them,  which  offer  great  resistance,  and  therefore 
prevent  reduction  of  potential,  but  they  will  help  to  form  a 
protecting  network'tiround  the  building,  especially  if  strips  of 
copper  are  soldered  across  each  joint.  For  the  same  reason  a 
connection  shOiild  be  led  from  the  bottom  of  the  down  pipes 
from  the  gutters  to  the  nearest  suitable  earth,  though  a  very 
good,  btit  variable  earth  connection  is  set  up  from  these  by  the 
water  itself  during  heavy  rain.  The  lower  parts  of  bell- wires 
may  also  be  advantageously  connected  to  an  earth,  such  as  the 
nearest  gas  or  water  pipes,  as  several  accidents  have  occurred 
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from  their  having  either  received  a  direct  charge  through  the 
walls,  or  having  a  violent  current  induced  in  them. 

788.  The  terminals  should  be  attached  to  all  high  or  salient 
points,  most  particularly  chimney-stacks:  if  these  are  wide 
and  contain  several  chimneys,  it  is  safer  to  have  two  points, 
though  usually  one  is  sufficient ;  but  the  kitchen  chimney,  or 
any  one  commonly  used,  and  therefore  lined  with  soot,  and 
containing  warm  air,  should  be  specially  attended  to.  The 
points  may  be  made  of  rods  of  i-inch  iron  drawn  oat  to  a 
point,  rising  2  or  3  feet  above  the  building;  they  are  better 
also  for  galvanizing.  There  is  no  advantage  in  any  of  the 
fancy  points,  patented  or  otherwise.  The  thickness  of  the 
conductor  depends  upon  the  size  and  height  of  the  buildiog. 
A  factory  chimney  or  church  steeple  should  have  a  copper 
conductor  of  at  least  ^-inch  section,  either  as  a  rod  or  as  a 
wire-rope,  well  protected  against  injury  ;  for  smaller  buildings, 
iron  rod  may  be  used  instead  of  copper.  In  ordinary  cases 
galvanized  iron  wire  of  about  a  ^-inch  diameter  (such  as  is  used 
for  telegraphic  purposes)  will  answer,  if  led  separately  from 
various  salient  points,  and  carried  down  the  different  sides  of 
the  house  and  connected  as  above  described,  to  the  guttering, 
&c.,  but  for  a  single  conductor  at  least  ^inch  rod  should  be 
used.  Solid  rod  is  best,  as  it  exposes  least  surface  to  rust,  for 
it  is  the  mass  or  weight  of  metal  which  conducts,  not  its  surface, 
as  some  suppose ;  but  every  joint  must  be  carefully  made  and 
soldered,  to  secure  metallic  continuity  and  low  resistance. 

789.  It  will  be  seen  that  conductors  should  never  be  insulated 
from  the  building,  but,  on  the  contrary,  as  much  of  the  surface 
as  possible  should  be  connected  to  the  conductor.  Electro- 
meters, &c.,  are  often  surrounded  with  a  cage  of  wire  con- 
nected to  the  earth  or  to  the  negative  pole  of  the  active  source 
of  electricity,  in  order  to  prevent  them  from  being  affected  by 
external  electric  disturbances.  That  is  exactly  what  we  require 
to  do  with  our  buildings  ;  an  iron  house  well  connected  to  earth 
would  not  only  be  perfectly  safe,  but  its  inmates  would  scarcely 
feel  any  of  the  effects  usually  produced  on  the  nervous  system 
by  "  thundery  "  weather,  except  so  far  as  these  are  due  to  heat. 
The  object  aimed  at  in  a  lightning  conductor  should  be  to 
approach  that  condition  as  nearly  as  possible;  to  obtain  an 
inclosed  area  within  a  conducting  envelope  provided  with 
points  and  connected  to  earth. 

790.  Examination  of  many  existing  conductors  shows  that 
comparatively  few  afford  trustworthy  protection;  they  fail 
either  by  imperfect  junctions  at  some  part,  and  more  commonly 
still  by  imperfect  earth  connection.     Some  people  say  that  even 
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a  bad  conductor  is  better  than  none,  as  at  all  events  it  will 
protect  the  principal  structure,  even  though  explosive  discharge 
occurs  near  its  bottom.  But  this  is  very  doubtful :  §  785  will 
indicate  that  they  may  draw  a  discharge  which  might  not 
otherwise  occur,  especially  as  while  lowering  resistance  they 
would  only  imperfectly  lower  potential:  §  783  will  show  also 
that  there  is  no  telling  where  the  lateral  discharge  might 
occur;  the  presence  of  machinery  or  engine  shafting  might 
draw  it  in  any  direction  into  the  building. 

791.  Conductors  should  undergo  periodical  tests,  and  it  would 
be  wise  to  provide  the  means  of  making  such  tests  perfect ;  this 
could  be  done  by  attaching  a  well-insulated  copper  wire  to  the 
upper  extremity,  connecting  its  lower  end  also  to  the  conductor 
by  a  screw,  so  that  ordinarily  it  should  form  part  of  the 
conductor:  this  would  enable  the  perfect  continuity  of  tlie 
conductor  to  be  tested  at  any  time,  by  measuring  the  re- 
sistance of  the  conductor  from  the  screws  to  its  upper  end, 
returning  through  the  test  wire. 

An  independent  "earth"  is  also  requisite  to  test  the  con- 
dition of  the  earth  connection :  but  as  the  resistance  would  be 
that  of  these  two  earths,  a  third  is  requisite  if  it  is  necessary  to 
be  sure  that  the  second  is  perfect,  and  also  that  it  really  is 
independent,  as  temporary  connections  made  to  gas  or  water 
mains  might  really  be  a  more  or  less  complete  metallic  circuit 
to  the  lightning  conductor  end  itself. 

Such  temporary  earths  can  be  made  by  soaking  the  soil  well 
with  water  and  driving  in  an  iron  crowbar  ;  the  soil  of  a  stable 
is  well  suited  for  obtaining  good  earth ;  or  the  stem  of  a  metal 
pump  may  be  used.  Two  such  earths  being  provMed,  the 
resistance  between  them  can  be  measured,  and  then  that 
between  each  of  them  and  the  screw  on  the  conductor.  In  the 
case  of  "  earths  "  the  resistance  should  be  measured  twice  with 
the  battery  current  reversed,  so  as  to  compensate  for  any 
polarization  current  set  up  by  any  difiference  at  the  earth 
plates.  The  actual  resistance  of  each  earth  may  thus  be 
arrived  at.  The  resistance  of  a  good  "  earth  "  may  be  as  low 
as  a  quarter  ohm,  and  ought  not  to  exceed  half  an  ohm.  The 
total  resistance  of  a  lightning  conductor  from  point  to  earth 
ought  to  be  brought  to  at  most  i  ohm,  and  certainly  should  not 
exceed  2  ohms :  it  is,  however,  common  to  find  a  resistance  of 
even  several  hundred  ohms  in  conductors  attached  to  important 
public  buildings. 

792.  It  may  be  well  to  explain  here  a  subject  which  is  a 
difficulty  to  many  minds  and  has  occasioned  many  questions. 
Faraday  stated  that  the  electricity  contained  in  a  grain  of 
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water  is  eqnal  to  that  in  a  powerful  flash  of  lightning ;  eome 
quote  him  as  saying  it  is  equal  to  that  of  a  severe  thunder- 
storm. Now  it  is  evident  that  the  potential  energy  of  a  grain 
of  water  is  by  p.  319  =  foot-lbs.  6841  -^-9  =  760,  and  it  is 
obviously  absurd  to  compare  this  with  the  powers  exerted  by 
a  flash  of  lightning :  it  is  only  equal  to  warming  i  pound  of 
water  i  degree  Fahrenheit,  or  the  average  work  of  a  man 
during  5  minutes. 

When  Faraday  made  this  statement  he  was  beginning  the 
study  of  electric  quantities;  volts,  amperes,  and  ohms  were 
then  undreamed  of;  nothing  but  vague  generalities  had  been 
attained  to :  it  is  therefore  not  to  be  wondered  at  that  while  he 
displayed  his  wonderful  experimental  powers  in  making  com- 
parative measurements,  he  compared  together  things  having 
no  relation.  It  is  rather  strange  that  while  his  statements  are 
frequently  requoted,  their  true  interpretation  should  not  be 
given.  Before  doing  so  it  may  be  well  to  bring  together  the 
statements  of  Faraday  and  other  workers  in  the  same  direction. 

793.  Faraday  found  that  to  decompose  a  grain  of  water 
required  a  current  for  3I  minutes  capable  of  keeping  red  hot 
a  platinum  wire  i-i04th  of  an  inch  in  diam.  We  can  expre^ 
that  intelligibly  as  a  current  of  3  •  1 3  amperes,  or  a  quantity 
of  704*37  coulombs.  He  found  that  to  eflFect  the  same  de- 
composition by  the  machine  required  800,000  chaises  of  a 
Leyden  battery  of  15  jars,  each  having  184  square  inches  of 
coated  glass.  Each  of  those  charges  produced  by  30  turns  of 
a  5oinch  plate  machine  was  capable  of  killing  a  rat,  and  was 
equivalent,  chemically,  to  the  action  of  a  platinum  and  zinc 
wire  each  one-eighteenth  of  an  inch  in  diameter,  immersed 
five-eighths  of  an  inch  in  weak  acidulated  water  for  about  three 
seconds.  Weber  has  calculated  that  the  charge  due  to  i  grain 
of  water  if  placed  on  a  cloud  1000  metres  (3281  feet)  above  the 
earth,  would  exert  an  attractive  force  equal  to  1497  tons. 

794.  Becquerel  arrived  at  somewhat  similar  figures,  and 
Weber  compared  the  charge  of  a  Leyden  jar  of  which  the 
static  value  was  measured  by  the  torsion  electrometer,  with 
the  battery  current  producing  equal  effect  upon  a  galvano- 
meter. He  found  a  current  whose  force  equals  the  electro- 
magnetic unit  required  a  quantity  of  electricity  of  I55,370X  lo* 
static  units  per  second.  To  decompose  a  milligramme  of  water 
required  io6|  that  amount  (this  being  the  ratio  of  the  electro- 
chemical to  the  electro-magnetic  unit^,  or  16,573  x  lo'  units 
of  electricity.  Taking  nine  times  this  for  an  equivalent,  he 
reckoned  that  on  a  cloud  1000  metres  high,  an  attractive  force 
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of  226,800  kilogrammes  or  208  tons  would  be  exerted.  He  also 
reckoned  that  assuming  the  oxygen  and  hydrogen  atoms  of 
this  water  were  separately  ranged  upon  threads  i  millimetre 
long,  then  to  effect  the  decomposition,  the  threads  would 
require  to  be  drawn  apart  with  a  force  of  147,380  kilogrammes 
or  145  tons. 

795.  Now  let  us  translate  these  results  into  modem  expres- 
sions. The  current  value  of  i  grain  of  water,  §  793,  is  704*37 
coulombs.  What  is  the  condenser  which  will  replace  Faraday's 
800,000  charges?  which  represents  i  charge  of  15,333,335  square 
feet,  or  i  Leaden  jar  with  a  coated  surface  of  352  acres,  which 
would  be  a  moderate  sized  thunder-cloud,  being  more  than  half 
a  square  mile.  The  aptual  size  of  the  condenser  would  depend 
on  the  potential,  and  starting  with  the  unit  i  volt  we  require 
a  capacity  of  704*37  farads,  or  704,370,000  micro-farads  §  389; 
taking  3  *  K  miles  of  cable  as  the  physical  micro-farad  we  find 
that  I  volt,  or  say  i  Daniell  cell,  would  require  2465  million 
miles  to  receive  the  charge,  or  enough  to  wind  1200  times  round 
the  earth  and  moon,  or  twice  round  the  earth's  orbit.  Or  if  we 
take  the  earth's  (imaginary)  capacity,  §  388,  as  700  micro-farads, 
it  would  charge  to  i  volt  a  million  such  worlds  as  ours,  or 
taking  the  potential  estimated  by  Messrs.*  Ayrton  and  Perry, 
§  757,  54  giains  of  water  would  supply  the  electricity  they 
require  to  account  for  the  earth's  magnetism. 

796.  Leaving  all  these  fantastic  unrealities,  let  us  see  what 
is  the  common  sense  of  the  matter.  It  is  simply  a  question  of 
the  relation  of  the  two  quantities  Q  and  Q  of  §  576,  of  Q  and  Q' 
of  §  15,  or  of  Q  and  E  of  the  ordinary  formulsB,  tnat  is  to  say  of 
the  two  functions  which  together  constitute  what  we  mean  by 
electricity,  while  the  word  is  frequently  applied  (as  in  this 
case)  to  each  one  of  them  separately :  these  two  are  Q,  quantity 
or  the  molecular  action  of  matter,  and  E,  energy,  the  potentiflJ 
under  which  the  molecular  action  occurs,  the  stress  put  on  the 
circuit.  All  the  ideas  we  have  been  considering  depend  on  the 
imaginary,  but  impossible,  isolation  of  Q ;  the  real  phenomena 
depend  on  Q  x  E,  the  matter  and  energy  which  together  con- 
stitute electricity. 

797.  Now  in  the  case  of  water,  E  is  a  potential  of  less  than 
I  •  5  volt,  and  what  we  have  to  take  into  account  in  the  case  of 
the  grain  of  water  is  therefore  Q  x  E  x  A;,  or  704  x  i  *  5  X  •7373> 
this  being  the  constant  expressing  the  energy  in  foot-lbs.,  which 
gives  us  just  the  760  foot-lbs.  which  we  know  is  the  mechanical 
equivalent,  §  792,  of  the  grain  of  water.  In  the  case  of  the 
lightning  flash,  the  Q  of  which  we  assume  to  be  this  same  grain 
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of  water,  we  have  a  potential  unknown,  but  which  we  may  take 
to  be  that  arrived  at  in  §  loi.     Thus  we  have 

704  X  3,6o4,cxDO  X  '7373  =  1,872,000,000  foot-lbe. 

This  figure  enables  us  to  understand  why  this  "  grain  of  water  " 
can  produce  such  tremendous  mechanical  effects  when  oon- 
centrating  this  energy  upon  some  point  of  high  resistance  in  an 
infinitesimal  fraction  of  a  second. 

The  mere  comparison,  so  often  quoted,  of  the  (quantity  of) 
electricity  in  a  grain  of  water  and  in  lightning,  is  just  as  un- 
meaning as  would  be  a  comparison  between  a  cannon-ball  rolled 
across  a  table,  and  the  same  cannon-ball  as  it  leaves  the  gun. 

798.  But  the  cunent  of  such  a  flash  is  not  a  small  one,  as  is 
often  stated  :  if  we  take  the  time  of  the  discharge  as  i -20,000th 
of  a  second,  704  -7-  20,000  =14  million  amperes,  a  current 
greater  than  all  the  dynamos  on  earth  could  generate.  From 
this  it  is  pretty  clear  that  no  lightning  conductor  is  ever  called 
upon  to  carry  such  a  current ;  either  it  lowers  the  potential, 
producing  a  steady  current,  and  reducing  the  actual  flash,  when 
it  occurs,  to  a  very  small  one,  momentarily  raising  the  current, 
or  it  only  carries  a  small  part  of  the  discharge  which  is  largely 
distributed  over  surrounding  space. 
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CHAPTER  XII. 

ELECTRO-MAGNETISM. 

799.  Throughout  these  pages  the  transmission  of  electric 
current  has  been  regarded  mainly  as  consisting  of  a  breaking 
up  and  reformation  of  the  molecules  which  form  the  polarized 
chain  or  circuit,  this  being  the  action  which  undoubtedly  does 
occur  in  electrolysis  where  the  action  can  be  best  examined. 
But  no  single  conception  will  convey  the  whole  of  any  scientific 
truth,  and  it  has  been  indicated,  especially  in  §  542,  that  ti*ans- 
mission  may  be  effected  by  other  means  (such  as  rotation  of  the 
molecules)  dependent  upon  the  same  causes,  for  instance,  the 
polar  attractions  of  the  molecules,  which  in  electrolysis  produce 
actual  disruption. 

8cx).  It  is  indeed  very  difficult  to  conceive  that  the  same 
action  occurs  in  solid  conductors  like  wires,  as  takes  place  in 
liquids,  because  no  change  whatever  appears  to  be  produced  in 
the  wires.  We  might  indeed  conceive  that  in  solids  the  freed 
semi-molecules  at  each  end  of  the  wires  unite  with  similar  ones 
to  reconstitute  the  metals,  unchanged  in  physical  property  and 
form.  But  an  experiment  will  prove  that  in  solids  this  action 
does  not  occur :  we  cannot  conclusively  test  it  in  simple  sub- 
stances such  as  metals,  but  some  metallic  sulphides  which  are 
true  binary  compounds,  and  which  would,  if  fused,  be  elec- 
trolytes and  undergo  the  process  of  breaking  up,  are  con- 
ductors also  when  solid.  Now  I  have  interposed  a  piece  of  such 
a  sulphide  between  two  plates  of  silver  (which  has  a  strong 
affinity  for  sulphur^  and  passed  current  for  some  time :  there 
was  no  formation  01  silver  sulphide,  and  therefore  it  is  clear  no 
such  action  occurred  in  the  solid  sulphide  as  would  have  occurred 
had  it  been  in  the  liquid  state. 

801.  BoTATiOK  OF  Molecules.  —  A  rotation  of  molecules 
involving  a  reversal  of  their  polar  arrangement  will,  however, 
fulfil  all  the  conditions  required,  and  in  examining  the  relations 
between  magnets  and  electric  currents  there  will  be  found  good 
reason  to  believe  that  such  a  rotation  does  actually  occur  in 
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solid  conductors,  and  that  the  direction  of  what  we  call  the 
galvanic  current,  that  is  to   say,  its  magnetic  and  chemical 
relations,  depends  upon  whether  this  rotation  takes  place  on  an 
axis  inclined  to  the  right  hand  or  to  the  left  of  the  polarized 
chain  itself.     This  idea  seems  to  be  confirmed  by  the  latest 
researches  of  Prof.  Hughes,  who  finds  a  +  or  —  current  produced 
in   a  wire  around  a  magnetized  bar  according  as  torsion  is 
applied  to  the  bar  in  one  or  other  direction.     This  should  be 
remembered  in  studying  the  diagrams  of  polarized  chains  used 
in  explaining  the  actions  of  currents  and  magnets.     These  are 
based  upon  correspondence  to  static  charges,  and  are  not  offered 
as  pictures  of  actual  processes,  but  simply  as  aids  to   the 
imagination   in  forming  ideas  as  to  probable  actions:    it   is 
evident  that  these  actions  are  of  the  nature  of  motion  in  the 
case  of  currents  and  that  motions  cannot  be  thus  pictured. 

802.  Whenever  a  magnetic  body  and  an  electric  conductor 
are  brought  near  to  each  other,   or  moved  in   each   other's 
neighbourhood,  they  react  upon  each  other  if  either  one  of  them 
is  under  the  influence  of  either  force,  magnetism  or  electricity. 
A  magnet  will  produce  a  current  in  the  conductor  if  either  is 
moved  under  certain  conditions ;  electricity  in  motion  as  current 
confers  magnetism  on  a  magnetic  substance.     The  reason  of  this 
reaction  is  that  the  two  are  really  different  manifestations  of 
the  same  force,  and  are  due  to  different  actions  of  molecules  in 
a  state  of  polarization ;  the  electric  action  is  that  exerted  in  the 
line  of  polarization ;  magnetism  is  the  action  at  right  angles 
to  the  line  of  polarization ;  it  is  exerted  in  every  direction  at 
right  angles,  and,  as  a  consequence,  magnetism  has  in  itself  no 
directive  power,    and,    strictly    speaking,  no  polarity.      The 
apparent  polarity,  like  the  directive  power  of  magnets,  is  not 
the  property  of  any  single  magnetic  substance  or  object,'  but  is 
the  consequence  of  the  mutual  reaction  of  two  or  more  such 
objects.     It  is  the  possession  of  magnetism  by  the  earth,  which 
therefore  acts  as  one  such  body,  that  confers  upon  magnets  their 
apparent  directive  power. 

803.  The  source  of  all  the  mutual  actions  of  magnets  and  cur- 
rents is  to  be  found  in  that  property  of  the  molecules  of  matter 
which  we  call  induction,  a  power  of  acting  externally  upon  other 
molecules.  Within  the  electric  circuit  itself  this  power  sets  up 
the  condition  of  "  polarization,"  or  arrangement  of  molecules  in 

an  order  of  regular  sequence  (H )  (-f  -)  (H ) ;  but  besides 

this  action  in  the  circuit,  a  similar  action  is  exerted  around  the 
circuit,  which  tends  to  place  surrounding  molecules  in  a  parallel 
polar  order.    But  while  the  first  action  is  consistent  with  a 
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transmission  of  energy  along  the  circuit,  and  is  thus  of  a 
dynamic  character,  involving  a  constant  rotation  of  the  molecules 
on  their  axes,  the  second  is  static,  and  changes  only  when  there 
is  a  change  of  conditions.  Thus,  if  we  pass  a  current  into  a 
submarine  cable,  two  conditions  of  polarization  are  set  up ;  one 
in  the  line  of  the  wire:  the  second  in  the  surrounding  matter, 
in  the  form  of  an  inductive  circuit  from  each  successive  point 
of  the  wire  through  the  water  to  the  other  pole  of  the 
generator. 

804.  This  latter  absorption  of  energy  is  called  "  charge,"  and 
the  current  cannot  be  set  up,  that  is,  the  conductive  circuit  cannot 
be  completed,  till  from  point  to  .point  of  the  wire  the  inductive 
circuit  is  completely  charged,  as  explained  §  95 ;  this  is  the 
cause  of  what  is  called  retardation^  and  hence  the  rate  at  which 
signals  can  be  transmitted  through  a  cable  depends  upon  \  the 
nature  of  the  inductive  circuit  it  forms,  or  its  "inductive 
capacity."  But  once  this  charge  is  given,  the  inductive  circuit 
retains  it,  and  absorbs  no  more  energy  from  the  current  (except 
what  is  lost  by  leakage);  current  can  be  sustained  upon  the 
ordinary  laws  so  long  as  no  change  is  made.  But  when  the 
current  stops,  the  energy  of  charge  flows  out  of  the  cable  as  a 
current,  and  no  current  can  be  sent  thiou)<h  the  cable,  in  the 
opposite  direction  to  the  first,  until  this  first  charge  is  passed 
off  and  a  new  one  of  the  opposite  order  is  set  up. 

805.  Now  magnetism  is  of  the  same  order  as  charge ;  it  is  a 
static  condition  of  the  molecules,  set  up  by  energy  absorbed 
from  an  electric  current  (or  other  source) ;  while  this  condition 
is  being  assumed  the  process  acts  as  a  resistance  and  a  retarda- 
tion ;  but  once  it  is  set  up,  it  is  static,  requires  no  more  energy, 
and  the  energy  will  be  retained,  or  given  up  as  an  electric 
current,  according  to  the  nature  of  the  body  in  which  it  is 
produced. 

806.  To  apprehend  the  consequences  we  should  regard  the 
electric  circuit  as  a  simple  chain  of  polar  molecules  and 
individualize  the  molecules,  which  I  shall  do  by  drawing  them 
as  ellipses,  of  which  the  dark  part  will  represent  the  +  end,  or 
the  direction  in  which  we  may  conceive  the  supposed  electric 
current  to  be  travelling ;  the  white,  or  —  end,  being  that  con- 
nected to  the  positive  pole  of  the  battery.  Fig.  79  is  a  section 
of  such  a  chain,  looked  at  from  the  positive  pole,  that  is  to 
say,  the  —  end  facing  the  observer,  with  the  line  of  electric 
polarization  passing  through  the  centre. 

The  molecule  exerts  that  action  which  we  call  magnetism,  at 
right  angles  to  the  polar  line  in  every  direction,  as  represented 
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by  the  arrows;    but  this  action  has  no  dtredive  power,    no 
attractive  power ;  these  depend  upon  external  conditions. 


Fig.  80. 
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80*7.  But  the  molecule,  or,  more  correctly,  the  polarized  chain, 
has  tne  power  of  ranging  all  surrounding  molecules  in  similar 
order,  as  shown  in  Fig.  80.  The  upper  lines  are  intended  to 
convey  the  idea  of  the  inductive  circuit  set  up  as  "  charge," 
The  lower  parallel  line  represents  the  magnetic  conditions  to  be 
further  developed. 

808.  If  we  conceive  the  polarized  chain  C,  of  Fig.  Bo,  to  be 
formed  into  a  circle,  as  in  Fig.  81,  we  obtain  the  two  effects  in 

Fio.  81. 


diflferent  ways.  Let  8  be  a  section  of  a  bar  of  steel ;  its  mole- 
cules arrange  themselves  in  the  form  of  closed  chains,  and  as 
steel  possesses  the  power  of  retaining  this  condition,  it  beoomea 
a  magnet ;  the  forces  exerted  at  right  angles  to  the  direction  of 
polarization,  all  combining  and  acting  in  the  line  of  the  bar,  as 
shown  in  the  upper  bar  S  N,  Fig.  84,  and  also  in  Figs.  82  and 
83.     The  difference  between  the  two  extreme  faces  of  this  bar 
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is  that,  looked  at  from  the  exterior,  the  lines  of  polarization 
turn  to  the  right  in  S  and  to  the  left  in  N,  us  seen  in  the  two 
polar  faces  shown  in  Fig.  84.  There  is  no  difference  of  property, 
no  inherent  directive  tendency  in  these  ends ;  but  in  England 
we  call  the  face  S  the  south  pole  of  the  magnet  because  it 
ranges  itself  in  the  earth's  magnetic  field,  facing  to  the  south 
pole  of  the  earth.  In  France  they  call  it  the  N.,  or  Boreal  pole, 
because  the  noith  pole  of  the  earth  has,  in  fact,  the  characters 
of  what  we  call  the  S  pole  of  a  bar  magnet,  §  7A9. 

809.  But  action  takes  place  externally,  as  well  as  within  the 
ring.  If  I C,  Fig.  8 1 ,  is  regarded  as  a  ring  of  wire,  its  molecules, 
of  necessity,  swing  into  the  polar  order,  and  in  doing  so  con- 
stitute a  galvanic  circuit,  which  will  complete  itself  as  usual ; 
in  consequence,  a  momentary  current  is  generated  or  induced  in 
this  "  secondary  "  wire  as  soon  as  current  passes  in  C :  but  only 
one  wave  of  action  is  produced,  no  current  continues  to  flov?  in 
I C.  As  soon  as  the  primary  current  ceases,  all  the  molecules 
resume  their  normal  position,  and  in  the  act  of  doing  so  a 
current  is  again  set  up  in  I  C,  but  in  the  opposite  direction  to 
the  first.  If  8  is  iron,  instead  of  steel,  it  loses  its  magnetism, 
aud  the  energy  it  had  stored  up  is  employed  in  increasing  the 
energy  of  the  current  in  I  C,  and  also  in  producing  an  extra 
current  in  C  itself,  continued  aifter  the  battery  is  cut  off.  These 
all  r3act  upon  each  other  in  such  manner  that  these  currents 
are  not,  as  usually  considered,  single  currents,  but  consist  of 
several  pulsations  of  maximum  and  minimum  force  analogous 
to  the  swings  of  a  pendulum  raised  and  let  fall.  The  current 
in  the  outer,  or  secondary  wire,  is  in  the  reverse  direction  to 
that  of  0  itself  when  the  contact  is  made :  at  breaking  circuit 
the  induced  current  is  in  the  same  direction  as  that  of  C.  As 
these  currents  are  each  the  result  of  single  and  equal  swings  of 
the  molecules,  their  '* quantity"  is  the  same,  for  quantity  is 
simply  a  function  of  the  molecular  actions.  But  the  E  M  F  of 
the  breaking  current  is  much  the  greatest.  The  reason  is 
obvious:  in  the  first,  energy  is  being  taken  up  rather  in  the 
core  S  than  in  the  wire  I C :  in  the  last,  that  energy  is  given  up 
{o  I  C  and  added  to  its  own  charge. 

810.  If  S,  instead  of  being  a  bar  of  iron  or  a  bundle  of  iron 
wires,  is  made  of  an  insulated  iron  wire  wound  up  in  a  helix 
similar  to  the  other  wires,  it  will  still  act  as  a  magnet,  though 
less  forcibly,  owing  to  the  breaks  in  the  longitudinal  or  magnetic 
lines,  but  the  extra  current  will  then  be  formed  within  itself  and 
the  wire  will  give  off  sparks. 

811.  The  ilirection  of  these  and  all  the  other  actions  among 
currents  and  magnets,  induced  by  motion  (which  includes  the 

Digitized  by  VjOOQIC 


466 


ELEOTRO-HAONETISM. 


[Si  2. 


setting  lip  or  oeBsation  of  a  current,  these  being  equivalent  to  a 
motion  of  approach  or  withdrawal),  is  governed  by  a  general 
law  first  formulated  by  Lenz.     The  direction  of  the  current  set  up 
by  any  motion  will  he  such  as  wiU  remst  that  motion^  and  vice  tersd. 
Now  currents  having  the  same  direction,  that  is,  parallel,  attrad 
each  other  ;  therefore  a  current  in  the  opposite  direction,  whiofa 
repets^  is  set  up.    The  order  of  the  lines  of  circular  polarization 
in  magnets  (Fig.  8i)  acts  in  the  same  manner  as  would  the 
corresponding  current,  which  is  represented  by  C.    We  may  see 
in  this  some  analogy  to  the  action  of  two  wheels  in  contact ; 
when  one  is  rotated  in  one  direction,  it  sets  up,  in  the  other,  a 
motion  in  the  opposite  direction.     Therefore  the  induced  current 
at  *'  make  "  is  in  the  opposite  direction  in  the  wires  to  that  of 
the  primary,  as  then  ^e  two  currents  repet  each  other:   at 
^  break,"  the  induced  current  is  in  the  same  direction  as  the 
original  or  primary  current,  as  this  resists  the  demagnetizatioii 
or  withdrawal  of  the  magnetic  energy,  or  magnet. 

812.  In  consequence  of  these  various  relations,  a  wire  wound 
spirally  round  a  bar  of  iron  magnetizes  it  in  a  direction  deter- 
mined by  the  direction  in  which  the  wire  is  wound.  On  the 
other  hand,  if  the  bar  be  magnetized  by  any  external  means,  as 
by  bringing  another  magnet  in  contact  or  neighbourhood,  a 
current  will  be  induced  in  the  wire,  and  the  direction  will 
depend  upon  that  of  the  magnetism  set  up,  and  also  upon  the 
direction  in  which  the  wire  is  wound.  Helices  are  called 
4extrorsal  or  right-handed,  when,  looking  at  them  from  the  end 
at  which  the  current  enters,  or  at  which  the  coiling  of  the  wire 
commences,  the  wire  turns  from  left  to  right  over  the  core  as 


Fig.  82. 


Fia.  83. 
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the  hands  of  a  watch.  Fig.  82  is  a  right-handed  helix,  and,  as 
it  shows,  such  helices  give  South  polarity  to  the  end  at  which 
the  current  enters.    !)&  sinistrorscu  or  Uft-handed  helices  the 
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-wire,  under  like  conditions,  turns  from  right  to  left  over  the 
core,  as  in  Fig.  83,  and  gives  North  polarity  to  the  end  at  which 
the  current  enters.  A  right-handed  helix  becomes  left-handed 
if  looked  at  from  the  other  end ;  therefore  when  the  wire  of  a 
right-handed  helix  returns  over  itself,  by  continuing  to  wind  in 
the  same  direction,  the  upper  layer  becomes  a  left-handed  helix  ; 
but  as  at  the  same  time  tiie  direction  of  the  current  reverses  as 
regards  the  core,  the  mutual  reaction  of  wire  and  core  is  the 
same  in  all  parts. 

The  figures  speak  for  themselves,  and  show  the  mutual  mole- 
cular relations  as  well  as  those  of  electric  and  magnetic  polarity, 
the  effects  produced,  and  the  reason  of  them. 

813.  Fig.  84  carries  these  relations  a  stase  farther.  The 
electric  conductor  is  shown  as  a  line  of  molecules  upon  the 

Fig.  84. 
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arrow  which  marks  the  direction  of  the  current ;  four  magnetic 
bars  surround  it,  above,  below,  and  on  each  side,  and  the  mole- 
cular arrangement  of  these  shows  at  once  why  they  place 
themselves  as  they  do  (assuming  the  earth's  influence  to  be 
neutralized) :  the  ends  of  the  two  side  magnets  correspond  with 
those  in  Figs.  82  and  83^,  as  the  other  two  magnets  do  with  the 
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bars  in  those  figures.  It  will  be  seen  that  the  magnets  arran^ 
themselves  as  though  the  lines  of  polarization  were  actnallj 
currents  all  made  parallel  with  the  current  itself,  and  just  as 
the  corresponding  helices  would  if  currents  were  traversing 
them. 

814.  We  have  now  to  consider  how  the  magnets  react.  A 
magnet  is  not  merely  a  bar  of  metal ;  it  is  linked  to  th.e  snr- 
rounding  matter  in  which  are  completed  the  lines  of  mag;netio 
force,  and  which  constitutes  what  is  called  a  magnetic  field, 
which  field  is  an  integral  part  of  the  magnet,  whether  formed 
in  surrounding  matter,  or  concentrated  in  a  mass  of  iron  con- 
necting its  poles.  When  a  magnetic  substance  is  near,  it  draws 
these  lines  towards  itself,  and  by  entering  them  becomes  mag- 
netized, but  in  ordinary  conditions  we  may  regard  the  linee  of 
force  as  inclosing  an  elliptic  space  round  the  magnet,  as  shown 
Fig.  38,  p.  100,  and  explained  §§  11 9- 120. 

Fig.  85  gives  the  idea  more  completely.    From  it  we  can  see 
that  the  lines  of  force  of  the  field,  which  inclose  the  ellipse. 

Fig.  85. 
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may  bo  looked  at  from  a  twofold  aspect.  They  are  commonly 
treated  as  set  up  by  the  polea  of  the  magnet,  and  as  completing 
the  circuits  of  magnetic  polatity ;  for  many  purposes  it  is  desir- 
able to  so  regard  them,  and  this  view  is  presented  by  the 
elliptic  lines,  which  correspond  to  the  arrows  of  Fig.  38.  But 
we  may  with  equal  truth  consider  that  the  polarized  condition 
is  set  up  by  the  circular  polarization  of  the  magnet  forming  the 
tertkoL  circles,  and  so  regard  the  elliptic  or  magnetic  lines  as 
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being  set  up  indirectly  by  the  action  at  right  angles  of  these 
circles ;  both  actions  no  doubt  unite  as  real  causes  of  the  mag- 
netic field.  We  shall  thus  understand  why  the  indudive  power 
of  a  magnet  is  so  much  greater  at  its  middle*  while  its  attractive 
power  is  so  much  greater  at  its  ends.  The  attraction  is  a 
function  of  the  general  law  that  parallel  currents  attract  each 
other ;  there  is,  in  fact,  in  all  spiral  conductors  a  tendency  to 
close  up,  because  of  this  attraction  between  all  the  partial  cur- 
rents. Now,  if  we  conceive  another  figure  like  Fig.  85  brought 
•near  it  endwise,  it  is  evident  that  to  make  the  lines  of  polariza- 
tion alike,  the  north  end  of  one  must  be  presented  to  the  south 
end  of  the  other,  and  that  then  not  only  do  the  circles  of  the 
bars  agree,  while  all  the  circles  of  each  magnet,  internal  and 
external,  attract  each  other,  but  the  projecting  lines  of  force  of 
each  magnet  become  incorporated  with  those  of  the  other,  and 
the  result  is  a  new  elliptic  field,  as  shown  Pig.  39,  p.  no. 
Hence,  naturally,  long  magnets  have  the  greatest  attractive 
power,  for  they  may  be  regarded  as  such  combinations  of 
smaller  ones,  combining  their  magnetic  force,  just  as  the  union 
of  galvanic  batteries  in  series  combines  their  electromotive 
farces.  But  a«  to  induction,  it  is  evident  that  the  external 
circles  are  affected  by  those  of  the  bar  more  powerfully  at  the 
middle  than  those  at  the  ends  can  be  by  the  whole  length  of 
the  magnet,  as  this  influence  obeys  the  law  of  the  squares  of  the 
distance ;  therefore,  speaking  roughly  for  illustration's  sake,  if 
we  consider  the  inductive  action  of  each  circle  of  the  bar  to  be 
equal,  and  call  it  10,  a  circle  at  the  middle  will  have  a  foroe 
of  20  exerted  upon  it  by  the  two  end  circles,  but  a  circle  at  the 
one  end  will  be  acted  upon  by  the  middle,  10,  and  the  other  end, 
whose  distance  is  doubled,  will  give  only  10  -f-  2'  or  2  - ;,  a  total 
of  12*5  upon  an  end  circle  against  20  on  the  middle  circle. 
This  is  the  reason  why  a  coil  of  wire  with  a  current  passing 
through  it  will  draw  a  magnet  inte  ite  middle,  or  vice  versa,  the 
arrangement  according  with  that  shown  in  Figs.  82  and  83, 
while  a  magnet  with  the  opposite  arrangement  placed  within  a 
coil  will  be  forced  out,  because  the  two  fields  would  be  in- 
compatible. 

815.  If  we  examine  the  actions  which  will  take  place  upon 
the  molecules  of  a  oonducter  revolving  in  any  position  among 
the  lines  of  force  of  a  magnetic  field,  as  shown  in  Fig.  85,  we 
shall  see  that  different  eftects  may  be  anticipated  according  to 
the  direction  of  the  motion ;  we  shall  be  aided  in  examining  the 
effects  if  we  regard  Fig.  81  as  a  vertical  cross  section  of  Fig.  85. 
If  the  axis  of  motion  be  in  the  central  line,  N  S,  and  the  motion 
takes  place  in  the  circles  of  Fig.  81,  the  molecules  suffer  no 
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change  of  position  as  regards  either  their  relation  to  8  or  to 
their  arrangement  in  the  moving  wire;  hence  no  effect  can 
result.  If  the  axis  be  lowered,  so  that  the  motion  takes  plaoe 
below  the  central  line,  it  will  be  seen  that  each  moleonle, 
in  order  to  retain  its  relation  to  the  magnetic  field,  mnst  in  each 
semi-revolution  swing  half-way  on  its  axis,  in  relation  to  its 
accompanying  molecules  in  the  wire  itself. 
Fio.  86.  ^^^^  ^^  evident  in  Fig.  86»  which  repreaents 

such  a  ring  of  wire  rotating  on  the  centre 
c,  in  the  direction  of  the  outer  arrows,  below 
the  magnet  S,  of  which  the  dotted  circles 
are  the  lines  of  induction.  It  is  obvious 
that  the  molecules  forming  the  wire,  in 
order  to  keep  their  relation  to  these  circles, 
turn  on  their  axes  in  the  direction  of  the 
small  arrows,  and  in  doing  so  set  up  a 
current  in  the  wire,  if  a  current  really 
involves  a  molecular  rotation.  This  exp2a- 
ncUion  is,  of  course,  hypothetical,  but  it  is 
a  fact  that  the  motion  of  the  conductor  under  these  conditions 
does  produce  some  action  within  the  wire  which  results  in  an 
electric  impulse. 

8 1 6.  This  Fig.  86  is  a  very  simple  looking  thing,  but  it  is 
commended  to  the  student  as  one  of  the  very  highest  importance 
and  involving  the  most  essential  principles  of  dynamo  machines. 
Following  Faraday,  all  writers  speak  very  fully  about  "  cutting 
lines  of  force  "  ;  they  rest  in  that  phrase,  and  no  one  thinks  it 
necessary  to  give  any  reason  why  cutting  lines  of  force  should 
generate  a  current  in  the  wire.  This  figure  gives  us  the  reason  : 
the  mere  lines  of  force  are  nothing,  it  is  the  rottUion  of  the 
molecules  of  the  vfire  while  arranging  themselves  as  parts  of  these 
lines  of  force  that  causes  the  current. 

Fig.  86  may  be  regarded  as  a  Gramme  ring,  and  some  impor- 
tant ideas  derived  from  the  examination ;  it  will  be  seen  that 
the  small  arrows  show  a  reversal  of  rotation  on  the  axial  line, 
so  that  if  contacts  were  made  at  a  and  h  we  ought  to  get  a 
current  from  the  two  halves,  uniting  as  in  the  Gramme  ring. 
But  this  neutral  line  is  shown  here  as  forming  at  the  polar  axis, 
while  in  the  Gramme  ring  it  forms  at  right  angles.  This  is  a 
necessary  result  of  the  circumstance  that,  as  the  Gramme  rinff 
rotates  between  the  two  poles,  the  lines  of  the  magnetic  field 
cross  from  pole  to  pole,  and  instead  of  being  concentric  oircleB 
round  one  pole,  are  formed  at  right  angles  to  those  circles.  It 
would  appear  therefore  that  what  we  have  to  consider,  is  not 
the  cutting  of  lines  of  force  on  one  theoiy,  nor  the  passage  of  the 
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oondnotor  from  a  region  of  few  lines  to  one  of  many^  or  vice  vend^ 
aooording  to  another  theory,  but  the  angtdar  relation  ai  different 
periods  of  the  rotation,  between  the  line  of  the  conductor  and  the  lines 
of  force  of  the  field. 

817.  If  a  plate  of  metal  is  revolved  tinder  or  above  a  magnetic 
pole,  or  between  the  poles  of  a  horseshoe  magnet,  but  below  the 
middle  line  of  the  poles,  as  new  sets  of  molecules  are  brought 
into  action,  sets  of  opposing  currents  are  set  up  in  the  con- 
ductor, and  can  be  ooUeoted  by  means  of  a  pair  of  springs,  one 
pressing  on  the  centre  of  rotation,  at  c,  in  Fig.  86,  and  the  other 
on  the  circumference  at  the  points  where  the  currents  meet, 
which  in  the  latter  case  is  on  the  radius  between  the  poles  of 
the  magnet,  or  at  a.  Fig.  86.  This  was  the  first  form  in  which 
Faraday  demonstrated  the  setting  up  of  an  electric  current  by 
motion  of  a  conductor  within  a  magnetic  field. 

8 1 8.  The  currents  so  generated  have  two  effects :  i,  they  heat 
the  metal  according  to  the  regular  law  of  current  work,  so  that 
with  a  powerful  current  metiuB  may  be  made  red  hot  and  even 
melted;  a,  they  offer  a  great  resistance  to  the  mechanical 
motion ;  of  course  this  resistance  can  never  rise  to  the  extent  of 
stopping  the  motion,  because  then  no  current  can  exist,  and  it 
is  in  no  sense  an  obstruction  offered  by  the  field  itseljf^  which 
arrests  the  motion,  but  purely  that  the  K)rce  which  causes  the 
motion  is  exerted  wiinin  the  conductor,  producing  electrical 
motion  among  its  molecules,  instead  of  setting  up  an  external 
motion  of  the  conductor  itself.  This  effect  is  strikingly  exhibited 
if  we  allow  a  silver  coin  to  drop  between  the  poles  of  a 
powerful  electro-magnet;  its  motion  slackens  as  it  enters  the 
field,  it  may  take  even  two  minutes  falling  across  the  field,  and 
will  be  found  stronglv  heated.  We  have  in  this  experiment 
the  clear  evidence  of  how  mechanical  energy  is  converted  into 
electrical  currents  by  dynamo  machines. 

819.  If  a  bar  of  iron  be  surrounded  with  a  helix  of  wire,  a 
current  of  induction  is  set  up  when  the  iron  is  magnetized,  and 
another  in  the  opposite  direction  when  it  loses  its  magnetism  ; 
or  the  same  effects  are  produced  if  a  magnetized  steel  bar  is  in- 
serted into  and  withdrawn  from  a  helix.  If  a  helix  is  wound 
upon  the  army  of  a  horseshoe  permanent  magnet,  cun^nts  are  in 
like  manner  set  up  whenever  the  armature  is  applied  to  or 
removed  from  the  masnet ;  when  a  perfectly  fitting  armature 
of  sufficient  size  is  applied  to  a  magnet  the  capacity  of  its  metal 
for  magnetism  absorbs  all  the  energy  the  magnet  can  exert  into 
its  own  mass ;  the  magnet  then  becomes  inert  as  far  as  external 
influences  are  concerned ;  hence  the  application  of  the  armature 
is  tantamount  to  destroying  the  magnetism,  so  fistr  as  the  exter- 
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nal  relations  are  csoncemed,  as  stated  §  144.  In  this  action  the 
energy  of  the  external  field  is  transferred  to  the  armature,  and 
if  this  has  wire  wound  on  it,  which  is  therefore  a  part  of  the 
armature,  and  takes  up  part  of  the  energy,  a  current  is  produced 
in  this  wire.  The  removal  of  the  armature  requires  the  appli- 
cation of  external  energy  sufficient  to  restore  the  normal  mag- 
netic conditions,  und  then  the  energy  in  the  armature  passes 
into  the  form  of  current  in  its  wire,  just  as  in  the  case  of 
induction  coils.  A  little  consideration  will  show  that  the  action 
of  dynamo  machines  is  really  a  succession  of  such  applications 
and  removals  of  a  solid  armature. 

820.  All  the  practical  forms  of  magneto-electric  machines  are 
based  upon  some  of  these  principles.     The  earliest  and  simplest 
form  consists  of  an  arn^ature  of  horseshoe  shape  revolved  across 
the  poles  of  a  horseshoe  magnet.     The  wire  is  so  wound  that  if 
the  horseshoe  was  straightened  out,  it  would  form  one  continuous 
helix,  and  in  order  to  do  this,  it  is  usually  wound  on  two  similar 
reels,  the  inner  ends  taken  to  the  commutator,  and  the  outer  ends 
connected  together.     "When  such  an  armature  revolves  over  a 
magnet,  the  two  ends  are  in  opposite  conditions,  and  therefore 
whatever  action  tends  to  develop  a  +  condition  at  one  end  of  the 
wire  tends  to  develop  a  —  condition  at  the  other  end,  and  both 
coincide  in  producing  a  current  through  the  wire,  as  explained 
§  810.     We  may,  therefore,  examine  the  action  upon  one  end  of 
the  wire  in  a  complete  revolution.     Let  a,  Fig.  87,  be  the  end 
of  one  helix  resting  on  the  neutral  line 
a  6  of  the  magnetic  poles  N  S,  and  the 
line  of  motion  be  from  a  to  N.   North 
magnetism  is  being  gained ;  and  let  ns 
assume  that  the  relation  of  the  helix  is 
such  that  this  renders  the  end  -h.    As 
soon  as  a  passes  N  its  north  magnetism 
is  being  lost,  hence  the  wire  reverses  its 
polarity ;  as  soon  as  a  passes  the  neutral 
line  it  begins  to  gain  south  magnetism, 
and   (as    gaining    north    makes  it   -f) 
this  gives  it  —  polarity,  which  on  ci-oss- 
ing  S,  and  when  the  south  magnetism 
is  being  lost,  again  becomes  -f-.     We  have  thus  four  electric 
impulses  which,  being  however  in  couples,  and  not  alternating, 
resolve  themselves,  as  may  be  seen,  into  two  electric  conditions, 
which,  it  should  be  observed,  correspond  to  the  states  set  up  in 
the  wire  ring  of  Fig.-  85.    By  means  of  a  commutator  on  the 
line  N  S,  therefore,  a  current  can  be  obtained  in  one  direction, 
though  not  continuous,  but  composed  of  the  action  of  four 
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distinct  impulses,  aDalogous  to  the  varying  electromotive  forces 
s^t  up  by  discharges  of  a  condenser.     The  mode  in  which  the 
oom mutator  acts  is  explained  §  S64  and  Fig.  100. 
-   821.  It  must  be  understood  that  the  point  of  change  is  not 
practically  upon  the  line  N  8,  but  upon  a  line  in  advance  of  it,  as 
shown   by  the  dotted  line,  Fig.  87.     The  reason  is  that  the 
various  molecular  changes,   and  especially  the  absorption  of 
magnetism,  require  time;  hence  the  line  of  actual  break  will 
take  a  position  dependent  upon  the  quality  of  the  iron  of  the 
armature  and  upon  the  rate  of  rotation ;  it  is  even  possible  to 
conceive  a  rate  of  rotation  such  that  no  effect  is  produced  at  all, 
and  in  practice  the  motion  cannot  be  advantageously  increased 
beyond  a  certain  rate,  at  which  the  maximum  effect  is  produced. 
A  similar  displacement  of  the  neutral  point  occurs  in  all  forms 
of  dynamo  machines,  and  the  commutator  brushes  are  made  to 
move  round  the  axis  to  some  extent  in  order  to  admit  of  adjust- 
ment to  suit  the  speed  of  rotation.    See  §  863. 

822.  Dtnamo-Electric  Machines. — These  modem  generators 
of  electric  current  have  assumed  so  many  forms  that  it  would 
be  impossible  to  enter  at  all  fully  upon  their  history,  principles, 
or  construction  in  the  space  at  command.  Therefore  there  will 
be  little  more  attempted  here  than  to  give  such  information  as 
may  be  of  interest  and  use  to  the  greater  number  of  readers  and 
refer  those  specially  interested  in  ihis  subject  to  works  devoted 
to  it.  They  are  usually  treated  under  two  heads,  as  magneto^ 
electric  and  dynamo-electric^  the  first  of  which  depends  upon  per- 
manent magnets,  and  the  second  upon  electro- magnets  excited 
by  the  current  generated  in  the  machine.  But  all  are  magnets 
and  all  are  dynamic.     All  consist  essentially  of  two  systems 

1.  The  magnetic  field,  which  may  be  produced  either  by  steel 
magnets  or  electro-magnets,  but  which  it  is  desirable  to  make 
as  powerful  as  possible. 

2.  The  armature,  which  takes  up  the  force  of  the  field  and 
converts  it  into  electromotive  force.  Therefore  while  the  t«rm 
magneto  may  be  conveniently  uted  to  classify  machines  with 
permanent  magnetic  fields,  as  a  suhnsection,  the  word  dynamo 
includes  all  machines  which  employ  mechanical  energy  to 
generate  electric  current. 

823.  History  ok  Dynamo  Machines. — Faraday  obtained  a  cur- 
rent from  a  magnet  in  1831 ;  the  next  year  Hippolyte  Pixii  of 
Paris  produced  the  first  machine  for  doing  this  practically :  it 
consisted  of  an  ordinary  horseshoe  magnet,  under  the  poles  of 
which  a  powerful  steel  horseshoe  was  rotated  by  a  shaft ;  thus 
an  electric  impulse  was  produced  in  each  half  rotation  in  the 
opposite  direction  in  the  wire :  the  commutator  devised  to  bring 
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these  cdtemaHng  onrrents  into  one  diieotien,  consiBted  of  a  sprmg 
attacbed  to  ea<^  end  of  the  wire  pressing  upon  a  metal  cjUnder 
carried  by,  but  insulated  from  the  axis;  these  two  cylinden 
were  cut  away  as  to  half  their  circumference  for  half  their 
length,  so  that  when  placed  upon  the  axis  they  overlapped  each 
other,  and  were  separated  by  a  small  interval,  thus  fanning  a 
complete  cylinder,  except  for  these  small  gaps.     Two   other 
springs  pressed  on  opposite  sides  of  the  axis,  so  that  one  of 
them  was  always  in  contact  with  one  half  cylinder,  and  as  the 
axis  revolved  it  touched  alternately  one  or  the  other,  and 
changed  this  contact  just  at  the  moment  of  change  of  directicm 
of  current  in  the  wire ;   therefore  each  spring  was  always  in 
contact  with  that  end  of  the  wire  which  was  +  or  — ,  and  being 
connected  to  the  binding  screws,  delivered  a  current  always  in 
one  direction. 

It  will  be  seen  that  this  machine,  rough  and  imperfect  as  was 
its  construction  mechanically,  yet  contained  all  the  essential 
elements,  and  fulfilled  the  essential  principles  of  the  convendon 
of  mechanical  energy  into  dynamic  electricity. 

824.  Saxton  of  Philadelphia  reversed  the  oonstruction  of 
Fixii's  machine  in  1833,  by  fixing  the  permanent  magnet  and 
rotating  the  armature,  which,  while  in  no  way  altering  the 
principles,  simplified  the  action  by  putting  the  lesser  weight  in 
motion,  and  dispensing  with  two  of  the  commutator  springs, 
because  the  wires,  moving  with  the  axis,  were  coimected  direct 
to  the  cylinders  instead  of  through  springs. 

Clarke  of  London,  in  1834,  still  further  modified  the  oon- 
struction by  fitting  the  permanent  magnet  in  a  box  and 
causing  the  electro-magnet  to  rotate  over  the  sides  of  the  pei^ 
manent  magnet  instead  of  across  its  poles.  This  is  the  instm- 
ment  still  well  known  in  the  shops  as  the  *'  medical  magneto- 
electric  machine."  Pixii's,  Saxton's,  and  Clarke's  machines  are 
merely  modified  forms  of  one  type  or  principle,  and  because  the 
Clarke  form  is  so  well  known  1  shall  refer  to  this  in  future  as 
"  the  Clarke  type." 

825.  J.  S.  Woolrich  produced  the  first  practical  machine  for 
large  currents  and  engine  power  in  1841 ;  it  was  practically  a 
compound  Saxton  machine  with  many  magnets  on  a  frame,  and 
many  electro-magnets  rotated  by  an  axis  (thus  greatly  resem* 
bling  the  later  Alliance  machine),  and  it  gave  great  pleasure 
to  Faraday,  who  saw  in  it  the  rapid  growth  of  the  scientuSc 
infant  he  had  presented  to  the  world  ten  years  before. 

8 26.  The  next  progress  was  made  in  1856  by  C.  W.  Siemens, 
by  the  device  of  his  X  core  or  armature,  §  864,  by  which  the  loss 
of  power  in  churning  the  air  is  minimized,  as  it  enables  a  very 
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long  magnetic  core,  with  yet  very  short'  polar  distance,  to 
rotate  in  a  very  intense  "  field  "  with  a  velocity  as  great  as  the 
possibility  of  magnetizing  will  admit,  and  yet  with  no  great 
circumferential  velocity  or  mechanical  momentum  and  stress. 
This  I  shall  refer  to  as  the  *'  Siemens  core  "  in  order  to  dis- 
tin^ish  it  from  the  armature  of  his  later  machines,  which 
constitnte  a  different  type. 

827.  H.  Wilde  made  the  next  advance  in  1867  in  a  very 
Bimple  yet  a  very  ingenious  combination  of  two  Siemens' 
madiines.  He  used  a  common  Siemens'  machine  with  per- 
manent magnets,  but  instead  of  using  its  current  for  work,  he 
simply  directed  it  into  a  second  Siemens'  machine  with  a  large 
electro-magnet  for  its  field,  so  as  to  obtain  an  intense  magnetic 
field:  the  core  which  rotated  in  this  therefore  generated  a 
much  larger  current,  while  of  course  requiring  proportionate 
energy  to  drive  it. 

828.  The  next  step,  also  a  very  simple  one  to  our  now 
extended  knowledge,  laid  Uie  foundation  for  all  the  later  forms 
of  machine.  In  the  latter  part  of  1866  Mr.  S.  A.  Yarlev, 
Professor  Wheatstone,  and  Dr.  Werner  Siemens  simultaneously 
carried  the  idea  of  aecumulatum  a  stage  further  than  Wilde,  who 
depended  on  the  current  derived  from  one  permanent  magnet  to 
generate  a  stronger  magnet.  The  new  and  fertile  conception 
was,  to  commence  with  the  very  weakest  magnetism,  and  make 
it  generate  the  strongest,  in  fact  to  make  the  electro-magnet 
magnetize  iteelf,  by  sending  the  current  from  the  armature  into 
the  coils  of  the  field  magnet,  each  in  turn  reinforcing  the 
other,  till  the  maximum  of  magnetism  was  reached,  starting 
from  the  small  residual  magnetism  always  present  in  iron  once 
magnetized.  The  curious  thing  is  that  Mr.  Yarloy  had  a  pre* 
emptive  right  to  this  idea,  because  it  was  simply  transferring 
to  the  new  field,  the  very  principle  he  had  long  before  applied 
to  his  static  electricity  accumulator,  $  50,  yet  it  was  years 
before  his  part  in  the  matter  was  recognized,  though  he  had 
actually  patented  the  principle  before  either  of  the  other 
co-discoverers  who  were  credited  with  it  had  made  public 
mention  of  the  subject. 

829.  It  should  be  mentioned  here  that  glimpses  of  the  idea 
of  accumulation  had  been  perceived  by  others ;  Millward  of 
Birmingham  in  1851  suggested  the  causing  of  the  electro- 
magnets generated  by  the  current  to  pass  over  permanent 
magnets  so  as  to  sustain  their  force.  But  Stephen  Hjoi  th  in 
18; J  clearly  anticipated  Wilde's  combination  of  two  distinct 
macnines,  by  producing  the  same  effect  in  one.  A  rotating 
ring  of  armatures,  similar  to  that  of  the  Alliance  machine. 
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passed  between  the  poles  of  a  massive  hoTBeshoe  magnet ;  tbe 
current  thus  generated  was  taken  up  by  a  oommutator  and 
passed  into  a  pair  of  large  electro-magnets,  between  the  poles  of 
which  the  ring  of  armatures  also  passed,  and  generated  currents 
to  be  applied  to  work. 

830.  Mr.  Ladd  devised  several  convenient  forms  of  machine 
for  utilizing  the  principle  of  accumulation.  He  made  large 
electro-magnets  of  boiler  plate  fitted  with  pole-pieces  in  which 
Siemens  cores  were  rotated.  In  some  he  placed  such  pole- 
pieces  at  each  end  of  two  straight  magnets  with  a  core  in 
each,  one  serving  to  maintain  the  magnetism  as  in  Wilde's 
machine,  and  the  other  for  the  work.  In  others  there  was  a 
polar  system  at  one  end  of  a  horseshoe  magnet,  but  the  core 
consisted  of  two  parts  fixed  at  right  angles  to  each  other  so  as 
to  come  into  action  alternately,  the  two  parts  serving  the  same 
purpose  as  the  separate  cores  of  the  other  form.  These  machines 
were  therefore  identical  with.  Siemens',  but  with  the  electro- 
field  magnet  instead  of  a  permanent  magnet. 

831.  The  Alliance  machine  should  also  be  mentioned  in  the 
order  of  development,  though  it  introduced  no  new  principles. 
It  consisted  of  a  ring  or  disc  mounted  on  an  axis  and  carrying 
near  its  circumference  a  number  of  straight  or  bar  electro- 
magnets arranged  parallel  to  the  axis,  which  were  carried  by 
the  disc  between  the  two  poles  of  stationary  steel  horseshoes 
arranged  on  a  frame,  and  equal  in  number  to  the  armature  bars. 
A  number  of  these  discs  were  mounted  on  the  axis  with  corre- 
sponding field  systems  around  them  constituting  a  compound 
Clarke  type  of  machine  very  similar  to  that  of  Woolrich.  The 
most  important  result  of  this  machine,  which  was  used  for 
generating  light,  was  the  discovery  that  it  was  not  necessary  to 
commuicUe  the  currents  for  this  purpose.  The  machine  was  a 
failure  at  first,  because  of  the  difficulty  and  loss  at  the  com- 
mutator, but  answered  well  when  simple  collecting  cylinders 
and  springs  were  used,  and  the  alternating  current  sent  to  the 
arc  lamps. 

Holmes*  machine,  which  was  simply  an  Alliance,  was  patented 
in  England  in  i8;6,  and  in  1862  was  used  at  tjie  Dungeness 
Lighthouse,  the  first  successful  and  permanent  use  of  the 
electric  light  in  England. 

8 J 2.  So  far,  all  the  machines  were  of  the  Clarke  type,  con- 
sisting of  an  armature  of  constantly  reversed  polarity,  pro- 
ducing alternating  currents,  which  had  to  be  directed  to  the 
circuit  through  a  commutator.  In  i860  Dr.  Paoinotti  of 
Florence  conceived  the  idea  of  a  continuous  ring  rotating  in 
the  magnetic  field,  with  the  induced  magnetic  poles  always 

Digitized  by  VjOOQIC 


835]  PBINCIPLE8   OF  BVOLUTION.  477 

fixed  in  one  spot,  though  the  iron  in  which  they  existed  was 
being  constantly  changed,  and  fresh  coils  of  wire  broughi  nnder 
their  influence.  It  was  really  as  a  motor  to  be  worked  by  a 
l>attery  that  the  machine  was  devised,  and  the  principle  of 
accumulation  which  was  destined  to  make  it  a  good  generator  of 
current  was  unknown  when  in  1 864  the  invention  was  described 
in  the  Nuovo  Cimento  and  several  small  machines  made  and 
deposited  in  the  Florence  Museum,  which  were  to  be  seen  in 
the  Paris  Exhibition  of  188 1. 

833.  Z.  T.  Gramme  of  Paris  re-invented  the  Pacinotti  plan  as 
a  generator  in  1870,  and  his  machine  was  used  in  electro-metal- 
lurgy. Von  Hefner  Altenech  of  the  house  of  Siemens  and 
Halske  of  Berlin  modified  the  rotating  armature  in  1872.  But 
here  we  enter  on  the  modem  period  due  to  the  excitement 
caused  by  the  introduction  of  the  Jablocbkoff  candle  for  electric 
lighting  in  Paris  at  the  Exhibition  of  1878.  The  numerous 
forms  £used  on  the  Pacinotti  ring  need  not  be  referred  to,  and 
a  mere  sketch  of  the  historical  development  would  be  useless, 
so  that  at  this  point  it  is  better  to  merge  the  description  into 
an  examination  of  the  principles  involved,  and  the  mode  in 
which  tliey  are  applied  in  different  machines. 

834.  Evolution. — The  doctrine  or  idea  of  evolution  is  now 
firmly  grafted  VLjyon  the  scientific  mind,  and  is  extending  itself 
into  all  the  departmentfi  of  knowledge.  It  teaches  us  that 
nothing  is  isolated,  every  fact,  every  idea  holds  some  relation  to 
others  from  which  it  grows,  while  it  becomes  a  point  of  origin 
for  others,  sometimes  continuing  a  direct  Une,  sometimes  con- 
stituting a  point  of  differentiation,  at  which  may  originate 
several  growths,  proceeding  onwards  until  there  appears  no 
relationship  between  their  products.  Such  is  the  relationship 
among  the  various  languages  of  mankind,  as  well  as  among  the 
races  of  beings.  Now,  an  impoitant  effect  of  this  is  that  not 
only  may  the  untrained  mind  be  unable  to  see  a  connection 
between  two  apparently  distinct  things,  bnt  that  there  may 
actually  exitst  gaps  in  the  line  of  evolution,  missing  links  in  the 
chain,  either  lost,  or  which  never  had  actual  existence,  except 
in  the  rudimentary  condition. 

835.  In  chemistry  we  have  a  number  of  "  homologous  series  " 
and  groups  of  series,  which  illustrate  this  very  remarkably. 
Thus  we  have  a  series  of  radicals  starting  from  methyl  CH„ 
and  rising  by  the  successive  additions  of  UH,  through  a  long 
line  of  substances,  which  gradualJy  become  denser ;  the  addition 
of  liydroxyl  HO  to  any  one  of  these  substances  converts  it  into 
a  corresponding  alcohol,  such  as  the  commonly  known  alcohol, 
the  hydrate  of  ethyl,  OtHjOH,  and  glycerine,  not  commonly 
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.conBidered  alooholio  in  character,  yet  really  bo  scientifically. 
Another  atom  of  oxygen  inserted  in  the  molecule,  in  place  of 
H3,  gives  us  the  corresponding  acid,  such  as  the  acetic  acid  of 
vinegar  CsHjOOH,  up  to  stearic,  and  the  waxy  acids  and  so  on. 

836.  The  same  groups  and  substances  may  be  classified  upon 
other  systems,  such  as  that  of  t^pes,  but  still  with  the  same 
results  which  are  now  .under  consideration,  the  coustruction  of 
connected  lines  and  diverging  groups,  forming  a  clearly  oon- 
nected  whole,  in  which,  however,  thei'e  are  many  gaps — sub- 
stances which  do  not  actually  exist  in  nature,  or  have  not  been 
discovered,  but  the  possibility  of  whose  existence  is  evident, 
while  some  of  them  nave  actually  been  produced  artificially  in 
consequence  of  this  foreseen  potentiality  of  existence. 

837.  Evolution  of  the  Dynamo. — It  is  such  a  relationship 
that  I  wish  tp  present  as  existing  among  the  diH'erent  kinds  of 
machines,  not  as  a  matter  of  fact,  not  as  implying  that  the 
inventors  of  the  different  forms  actually  developed  them  in  this 
manner  knowingly,  but  as  essential  to  the  understanding  of 
the  resemblances  and  differences  among  the  machines,  and  as 
enabling  future  workers  to  proceed  upon  definite  principles, 
rather  man  upon  rule-of-thumb  processes,  and  costly  tentative 
experiments. 

In  the  endeavour  to  realize  such  a  systematic  conception,  the 
first  thing  in  development  of  correct  ideas  is  to  clearly  dis- 
tinguish between  things  and  ajppearanceB,  between  fundamental 
principles  and  mere  forms  of  construction. 

838.  To  begin  with,  we  should  recognize  that  there  is  no  real 
difference  between  a  bar  magnet  and  a  horseshoe  magnet. 

Fig.  88. 


except  in  the  form  of  the  field  of  farce  set  up  between  the  poles, 
which  adapts  one  form  to  some  purposes  and  the  other  form  to 
others.  Thus  it  is  evident  that  2,  in  Fig.  88,  is  merely  i,  wi^ 
its  two  ends  turned  up  by  bendhig  the  middle,  which  allows 
the  lines  of  force  connecting  N  and  S  to  be  shortened,  the 
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resulting  field  to  be  rednoed  in  ckrea,  and  consequently  increased 
proportionally  in  intensity. 

It  is  less  obviously,  but  equally  true  that  an  electro-magnet 
armature  rotating  over  the  poles  of  a  ma^et,  as  in  Saxton's 
machine,  or  across  the  poles,  as  in  Clarke  s,  acts  precisely  as 
4oes  a  straight  bar  electro-magnet  passing  between  the  poles,  as 
in  the  Alliance  and  other  machines :  thus  z  and  4  differ  in  no 
way  in  type  and  action;  nor  do  the  Clarke  and  Alliance 
machines ;  the  differences  relate  to  mechanical  construction,  and 
to  the  most  effective  way  of  taking  up  the  lines  of  force  of  the 
magnet.  In  all  these  forms  the  action  is  merely  the  placing  of 
the  iron  of  the  armature  in  such  position  as  will  conoentrate 
within  its  own  mass  as  much  as  possible  of  the  external  field  of 
the  magnet  and  diminish  its  independent  external  actions. 

839.  It  may  be  remarked  here  that  each  passage  of  the 
armature  not  only  causes  some  molecular  change  in  itself  while 
taking  up  magnetism,  but  that  it  also  causes  a  change  in  the 
molecular  conditions  of  the  magnet  itself.  If  a  wire  is  coiled 
upon  a  magnet,  a  current  will  be  set  up  in  it  at  each  passage ; 
in  fact,  many  apparatus,  such  as  fuse-exploders,  are  constructed 
upon  this  principle ;  the  poles  of  the  magnet  themselves  are 
woimd  with  wire,  and  the  current  is  produced  by  applying  an 
armature  and  forcibly  withdrawing  it. 

840.  llie  changes  of  the  magnetic  field  may  be  made  evident 
by  a  telephone  based  upon  a  soft  iron  bar,  whidi  being  applied 
to  the  magnet  will  be  magnetized  strongly  when  the  armature  is 
distant,  and  lose  its  force  as  the  external  lines  concentrate  in 
the  approaching  armature ;  at  each  such  change  a  sound  will  be 
given  forth.  The  efficiency  of  any  armature  may  be  tested  by 
the  reduction  it  produces  in  the  external  field,  as  shown  by  the 
diminished  deflection  upon  a  magnetic  needle  at  a  little 
distance. 

Via.  89. 

1  2 

841.  Compound  Armatures, — One  stage  of  evolution  irom  the 
mere  bar  is  a  radial  armature,  which  Fig.   89,  i,  shows  is 
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merely  a  multiplication  of  the  bars  of  Fig.  88,  4.  The  fact  of 
its  rotation  in  the  plane  of  the  poles  N  S,  instead  of  across 
them,  as  in  the  disk  form  of  armature,  is  a  pure  matter  of  con- 
struction, and  this  gives  us  one  of  the  Lontin  machines,  which 
is  built  of  a  series  of  such  radial  systems,  slightly  overlapping 
each  other,  so  that  the  field  is  transfeiTed  into  one  after  another 
of  the  collection  of  bar  electro-magnets  which  constitutes  the 
complete  armature  system. 

842.  Multiple  Field, — Another  step  combines  the  single  ring  of 
radial  bars  of  Fig.  89,  not  with  a  single  field  magnet,  but  with 
an  equal  number  of  alternating  field  poles.  We  have  then  pre- 
cisely the  conditions  of  the  Alliance  type,  different  as  the 
machines  appear.  If  we  look  at  2,  this  is  Qvident.  It  is  of  no 
consequence  as  to  theory  how  the  several  poles  N  S  of  the  field 
magnets  are  related ;  those  at  opposite  points  may  complete  the 
horseshoe,  and  then  the  two  radii  of  the  armature  constitute  a 
straight  bar  between  its  poles.  Or  we  may  consider  adjoining 
poles  N  S  as  forming  a  separate  field  magnet;  then  the  two 
adjoining  ra<lii  form  its  armature  (all  being  supposed  to  unite 
at  the  middle),  and  these,  therefore,  constitute  a  horseshoe 
el  ectro-magnet. 

843.  Apparent  Bing  Armatures, — This  leads  to  a  new  stage  of 
evolution,  which  develops  an  apparently  distinctive  type,  still 
depending  on  the  same  principles.  We  know  (§  838  j  that  a 
straight  bar  and  a  horseshoe  are  the  same  in  principle.  We 
take,  then,  each  adjoining  pair  of  radii,  acting  as  a  horseshoe, 
but  in  no  way  differing  in  principle  from  the  opposite  radii, 
forming  a  bar  armature  to  the  (^^posite  poles  N  S.  W^e 
straighten  this  horseshoe  so  that  it  shall  become  a  bar  armature 
to  the  adjoinig  poles  N  S,  and  thns  we  develop  the  three  bars 
of  Fig.  89,  3,  and  spaces,  which  we  can  fill  up  with  three  similar 
bars,  shown  in  dotted  lines.  Curve  the  bars  a  little  outwards 
as  also  shown  in  dotted  lines,  and  we  have  what  looks  like  a 
ring  armature,  but  is  so  only  mechanically.  Electrically,  it  is 
a  hexagon  system  of  independent  armatures,  arranged  in  pairs 
so  as  to  divide  the  forces  of  the  field  poles  between  them,  and 
form  a  succession  of  consequent  poles  in  the  ring  thus 
constituted. 

844.  This  is,  however,  a  very  important  stage  of  the  evolution, 
for  it  is  the  basis  of  three  machines  wholly  distinct  from  each 
other,  (i)  Fig.  89,  3,  as  rounded  off,  gives  us  the  armature  and 
the  principle  of  the  De  Meritens  magneto-electric  machine. 
(2)  in  its  preliminary  hexagon  form,  3  is  the  elemental  ring 
of  the  Burgin  machine ;  which  is  often,  but  wrongly  described 
as  a  compound  Gramme  machine.     The  fact  that  the  Burgin 
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armature  is  materially  constracted  of  a  continuous  iron  ring  is 
a  detail  of  manufacture  (though  it  has  also  other  results  not 
belonging  to  the  present  topic).  Theoretically  each  segment  is 
an  independent  bar  electro-magnet,  fitting  to,  and  polarized  by 
the  extremities  of  the  field  magnet  poles.  (3)  Again,  as  a  ring, 
and  also  as  a  continuous  metal  core,  3  gives  us  the  Brush  arma- 
ture, which  is  really  composed  of  independent  electro-magnets, 
and  in  so  far  is  diflferent  from  the  true  continuous  ring  of  the 
Gramme  type;  it  does,  however,  approach  a  stage  farther 
towards  it,  by  a  continual  interchange  of  sub-segments  succes- 
sively building  up  the  actual  bar,  and  by  reverting  to  the 
bipolar  field  system. 

845.  True  Bing  AmuUure. — At  the  next  stage  of  evolution  we 
pass  from  the  apparent  ring  of  Fig.  90,  3,  to  the  true  ring  of  the 
Gramme  or  Pacinotti  type.  In  all  the  preceding  forms  inde- 
pendent poles  have  been  created  and  reversed  completely,  and 
the  wire  of  each  segment  has  its  independent  set  of  alternating 
impulses,  set  up  in  and  collected  from  it.  But  the  essence  of 
the  true  ring  is  that  while,  structurally,  the  iron  core  rotates 
and  the  iron  is  continually  changing  its  magnetic  state,  the 
true  core,  the  receiver  of  the  lines  of  force  of  the  field  magnet, 
is  stationary.  This  armature  is  studied§  87 1 ,  after  the  necessary 
examination  of  the  general  principles  involved. 

846.  Wires  and  Magnets. — We  must  now  trace  out  another 
line  of  evolution  which  appears  to  be  distinct,  and  yet  is  of  the 
same  order.  The  action  of  wires  crossing  lines  of  force  appears 
to  be  of  a  different  nature  from  that  of  wires  wound  upon  a  bar 
of  iron  temporarily  magnetized ;  but  the  currents  produced  in 
both  cases  are  due  to  the  absorption  of  external  energy,  and  to 
the  rearrangement  of  the  molecules  of  the  wire  while  adapting 
themselves  to  the  lines  of  force  which  they  momentarily 
occupy ;  the  difference  is  that  in  one  case  the  wires  form  part 
of  the  magnetized  system  itself,  and  in  the  other  they  tempora- 
rily form  part  of  an  independent  system. 

847.  No  particle  of  matter  is  independent,  and  this  is  a  fact  so 
very  little  dwelt  upon  that  it  is  of  great  importance  to  all  true 
thought  that  it  should  be  thoroughly  realized  and  firmly 
grasped  by  the  mind.  Nothing  in  existence  exists  for  or  by 
itself;  every  atom  of  matter  is  in  the  place,  and  under  the  con- 
ditions it  occupies,  as  a  result  of  the  sum  of  the  various  forces 
which  influence  it.  This  is  a  fact  most  wonderfully  evidenced 
by  the  infinitesimally  instant  changes  which  we  have  been 
enabled  to  trace  out  in  many  forms  of  matter,  as  resulting  from 
the  most  rapid  intermittence  of  light  and  heat. 

Thus,  in  a  wire,  each  molecule  is  constituted  cf  two  atoms, 
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held  together  (probably  through  the  agency  of  polar  forces 
corresponding  to  those  of  magnetism,  and  commonly  attribated 
to  differential  charges  of  +  and  —  electricity)  by  the  force 
called  "chemical  affinity"  or  attraction,  which  force  is,  as 
shown  §  556,  closely  related  to  electromotive  force.  The  mass 
of  the  wire  is  held  together  by  similar  forces  of  molecular 
attraction,  crystallization,  and  cohesion.  All  these  forces  imply 
energy  stored  in  the  matter  and  they  are  modified  from  moment 
to  moment  by  heat  and  other  external  forces. 

The  actual  arrangement  of  the  articles  of  the  wire  is  the  combined 
result  of  all  the  forces  influencing  them, — These  particles  are  simply 
in  a  condition  of  equilibrium  liable  to  instant  change. 

848.  Such  a  change  occurs  the  moment  these  particles  enter  a 
"  field  of  force,"  the  energy  of  which  is  charged  upon  them,  and 
introduces  new  conditions  of  balance.  The  excess  of  force,  the 
new  stresses  set  up  against  the  pre-existing  internal  forces, 
involve  an  expenditure  of  energy  in  effecting  the  necessary 
molecular  changes,  and  we  have  the  conditions  described  §  537  ; 
the  potential  energy  of  the  lines  of  force  in  the  field  becomes 
kinetic  in  the  wire,  and  this  energy  therefore  develops  E  M  F, 
and,  in  effecting  motion  among  the  molecules  of  the  wire,  gene- 
rates an  electric  current,  according  to  the  arrangement  of  those 
molecules — the  number  of  conducting  chains  which  they  can 
constitute. 

Therefore,  in  order  to  generate  a  current,  the  wire  must 
traverse  a  field  in  such  a  manner  as  to  continually  change  the 
arrangement  of  its  molecules  among  themselves,  and  their  rela- 
tion to  the  sum  of  the  actions  exerted  upon  them ;  mere  motion 
in  a  field  may  produce  no  effect  whatever. 

849.  When  a  pole  of  a  bar  magnet  is  inserted  into  a  ring  of 
wire  carrying  a  current,  a  reaction  occurs  between  the  two 
fields  which,  if  concordant,  tends  to  unite  them  into  one,  and 
as  a  consequence  to  place  the  two  centres  of  the  fields  together; 
if  discordant,  that  is  if  the  lines  of  force  are  not  in  the  same 
direction,  a  sort  of  confiict  occurs  for  the  possession  of  the  space 
and  matter  in  which  the  lines  of  force  exist.  In  the  first  case 
we  have  attraction^  and  the  ring  of  wire  moves  to  the  central 
plane  of  the  magnet,  in  the  other  we  have  what  is  called  repul- 
sion. The  current  in  the  wire  is  also  either  increased  or 
diminished  during  the  action. 

850.  When  a  bar  magnet  is  inserted  into  a  ring  of  wire,  not 
occupied  by  a  current,  it  sets  up  a  momentary  current  therein, 
opposite  in  direction  to  the  proper  magnetizing  current  of  the  bar; 
a  mechanical  resistance  to  the  pressure  is  experienced,  and  the 
ring  is  for  the  moment  repelled :  these  actions  are  examples  of 
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Lenz's  law,  §8ii.  But  it  is  not  enough  to  quote  a  law,  we 
should  realize  -what  is  the  cause  and  the  process :  the  wire 
becomes  a  part  of  the  external  field  and  lines  of  the  magnet,  and 
has  to  arrange  its  molecules  accordingly,  as  shown  Fig.  38, 
p.  100,  while  a  magnetizing  current  is  part  of  the  internal  lines, 
an  integral  part  of  the  magnet,  and  its  molecules  are  ranged  to 
correspond,  as  in  Figs.  82,  83. 

851.  In  order  to  make  these  mutual  reactions  intelligible,  it 
may  be  well  to  develop  a  little  the  considerations  presented 
§§  806-14.  ^^  ^^ig-  79  ^®  have  a  section  of  a  current,  showing 
radial  lines  of  force,  upon  which  magnets  place  themselves 
tangentially ;  those  radial  lines  may  perhaps  be  regarded  as 
sections  of  the  lines  of  static  electric  induction,  springing  from 
all  parts  of  the  circuit  towards  all  other  parts,  and  resolving 
themselves  into  a  sheath  of  lines  of  force,  of  static  stress, 
parallel  to  the  conductor.  Magnetism  and  electricity  are 
related  to  each  other,  their  planes  or  lines  of  polar  order  and 
force  being  at  right  angles  to  each  other,  §  115.  We  may, 
therefore,  expect  some  magnetic  force  to  exist  at  right  angles  to 
the  lines  of  conduction,  and  such  exists  in  the  form  of  rings 
surrounding  the  conductor.  Not  only  do  magnetic  needles 
place  themselves  in  the  order  of  these  rings,  as  already  explained, 
but  the  rings  themselves  may  be  made  visible.  If  we  pass  a 
current-carrying  wire  through  a  card  on  which  iron  filings  are 
sprinkled,  and  tap  the  card  lightly,  the  filings  arrange  them- 
selves around  the  wire,  thinning  away  as  distance  increases ; 
they  are,  in  fact,  temporarily  magnetised  and  unite  lengthwise 
to  form  closed  rings  around  the  wire  in  the  lines  of  equal 
magnetic  force.  It  should  be  clearly  understood  that  these 
rings  have  no  polar  actions  or  attractions;  they  resemble  a 
closed  steel  ring  which  may  be  strongly  magnetized  yet  have 
no  apparent  magnetism,  because  it  is  a  completely  closed  field ; 
at  every  section  there  is  an  equal  N  and  S  pole  existing  and 
combining  together.  It  is  true  that  a  piece  of  iron,  such  as 
a  filing,  enters  the  ring  and  does  then  possess  two  poles,  because 
its  capacity  is  greater  than  that  of  the  air ;  but  these  poles  are 
purely  tnihin  the  ring,  they  exert  no  external  actions  because  the 
iron  is  not  an  independent  magnet,  but  only  a  part  of  the 
external  lines  of  the  wire  and  therefore  its  poles  are  related 
only  to  the  wire.  Fig.  90  is  intended  to  convey  this  idea  of 
a  conductor :  i  is  a  perspective  view,  A  being  the  conductor,  and 
the  arrow  shows  the  direction  of  the  current.  B  and  C  are 
two  rings  of  magnetic  force  consisting  of  molecules  polarized 
under  longitudinal  forces,  shown  by  the  dotted  lines  connecting 
the  circles  B  C,  these  lines  representing  the  stress  due  to  diflfor- 
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encje  of  potential  set  up  in  the  polarized  chains  constituted  by 
static  electric  induction  of  which  one  chain  is  shown  connecting 
the  rings.  Fig.  34,  p.  95,  represents  one  of  the  molecules  in 
such  chains  lengthwise,  while  the  horizontal  arrows  show  its 
magnetic  lines.     The  other  parts  of  Fig.  90  are  sectional  views 


Fig.  90. 


showing  a  ring  B,  C,  of  which  2  shows  the  molecular  oonstruo- 
tion,  and  3  conveys  simply  the  idea  of  the  lines  of  magnetic 
constitution. 

852.  A  closed  magnetic  ring  when  cut  across  manifests  true 
poles  at  which  the  forces  are  concentrated,  and  a  similar  efiect 
can  be  produced  on  the  circular  lines  of  force  around  the  con- 
ductor. This  happens,  in  fact,  when  a  wire  is  wound  into  a 
helix,  forming  a  series  of  wires  side  by  side,  as  is  shown  in 
Fig.  91 :  it  should  be  remembered  that  this  is  no  mere  fancy; 
the  iron  filings  prove  its  truth  if  we  pass  several  wireis  side  by 
side  through  a  card  as  before.  Fig.  91,  i,  shows  the  conditiona 
of  a  single  ring  of  wire,  the  unit  turn  of  a  helix — in  fact  it  is  the 

Fig.  91. 


conductor  A  of  Fig.  90  turned  into  a  ring  so  as  to  bring  all 
its  lower  side  into  the  inner  part ;  then  it  is  evident  that  all 
its  rings  of  force  tend  in  the  one  direction  internally,  and  in  the 
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opposite  direction  externally:  the  internal  arrows  show  the 
resultant  magnetic  action,  as  though  these  rings  of  force  consti- 
tuted an  internal  vortex. 

853.  A  series  of  such  rings,  placed  side  by  side,  is  shown  in 
Fig.  91  in  vertical  section  at  2,  which  represents  the  further  or 
left-hand  side  of  the  rings  as  looked  at  across  the  interior.  It 
should  be  noted  that  the  change  in  direction  of  the  small  arrows 
from  those  of  Fig.  90  is  the  result  of  looking  at  them  from 
opposite  sides,  and  is  evident  in  all  three  portions  of  this 
figure.  In  3,  which  is  a  horizontal  section  of  the  helix,  we  see 
that  the  circular  lines  of  force  of  the  adjoining  wires  conflict  as 
they  enter  each  other,  and  are  therefore  broken  up  into  their 
internal  and  external  halves,  which  then  unite  to  form  lines  of 
force  along  the  whole  of  the  wires. 

854.  Fig.  92  shows  how  different  ways  of  winding  wires 

FiQ.  92. 


bring  these  principles  into  action,  and  it  should  be  compared 
with  Figs.  62  and  83,  p.  466,  which  deal  with  the  same  subject 
in  a  different  manner,  i  is  a  right-handed  helix  in  which  the 
current  gives  S  magnetism  inside  it,  in  accordance  with  the 
following  law :  A  current  moving  as  the  hands  of  a  watch  gives  south 
polarity  on  the  side  from  which  it  is  looked  at,  and  vice  vers&.  It 
also  gives  N  polarity  on  its  outside.  A  left-handed  helix  is 
shown  at  2  with  the  current  reversed  in  direction  so  as  to  give 
the  same  polarity  as  i,  and  it  therefore  really  represents  the  wire 
of  I  continued  to  be  wound,  outside  the  first  layer,  in  the  return 
direction.  In  this  way  it  is  evident  that  the  current  is  really 
mnning  in  the  same  direction  in  aU  the  wires  which  ran  in  the  same 
direction^  so  that  all  the  inductive  actions  are  united. 

855.  These  helices  also  show  how  such  a  reverse  winding 
upon  compound  armatures  of  any  of  the  forms  of  Fig.  89,  brings 
all  the  alternately  reversed  actions  of  each  segment  into  a 
current  of  one  direction  throughout,  so  that  only  one  pair  of 
commutator  springs  is  needed  to  collect  the  alternate  currents 
into  one:    but  such    a  commutator  would  require  as  many 
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alternating  strips  as  there  are  sections,  in  order  to  effect  the 
change  as  each  polar  change  of  magnetism  occurs.  Such  a 
commutator  resembles  that  of  the  Pixii  machine,  §  824,  being 
composed  of  a  pair  of  cylinders  with  alternate  spaces  cut  away  so 
as  to  constitute  a  crown  wheel  with  a  tooth  for  each  magnet 
pole,  so  spaced  that  the  two  can  interlap ;  one  end  of  the  -wire  is 
then  connected  to  one  cylinder,  and  a  pair  of  springs  takes  up 
the  current  from  each  in  turn. 

Such  a  commutator  is  used  upon  the  Weston  machine  for 
electro-metallurgy,  consisting  of  a  solid  casting  with  three 
teeth  slipped  upon  an  insulating  tube  carried  on  the  projecting 
axis,  so  that  a  similar  casting  slips  on  between  its  teetn  without 
touching,  an  insulating  ring  fixing  the  distance  to  which  the 
teeth  enter  each  other  so  as  to  form  a  spaced  cylinder  upon 
which  the  two  insulated  collecting  brushes  press.  The  Weston 
commutator  is  shown  Fig.  93,  in  cross  section  at  A  and  longi- 


tudinal at  B.  D  is  the  axis  to  which  one  end  of  the  wires 
is  connected,  the  other  end  being  connected  to  W  a  brass  ring 
firmly  fixed  on  the  axis  but  insulated  from  it  as  shown :  E  is 
one  of  the  cylinders  which  presses  up  to  and  makes  contact  with 
W  ;  F  is  the  other  cylinder  which  makes  contact  with  the  axis, 
and  brushes  in  contact  with  one  or  another  cylinder  in  turn 
take  up  the  current. 

8 56.  Tn  §  85 1  and  Fig.  90  it  is  shown  that  as  a  consequence  of 
linear  electric  stress  there  are  formed  rings  of  magnetic  order  at 
right  angles :  then  we  must  expect  from  the  normal  relations  of 
electricity  and  magnetism  that  lines  of  magnetic  stress,  such  as 
are  formed  in  the  magnetic  field,  should  be  attended  with  rings 
of  electric  polarization  forming  sections  of  the  field :  this  is  the 
effect  shown  in  Fig.  38,  p.  icxd,  and  in  Fig.  85,  p.  ^68 ;  a  con- 
sequence of  this  is  that  if  we  consider  the  electric  stress  as 
being  the  active  cause  and  resulting  in  the  differential  arrange- 
ment of  the  +  and  —  ends  of  molecules,  the  electric  rings  must 
consist  of  molecules  end  to  end,  while  the  magnetic  rings  oonsist 
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of  molecules  side  by  side,  with  tlie  electric  lines  passing  through 
them.  It  is  desirable  to  clearly  realize  this  now  in  order  to 
trace  the  action  which  occurs  in  a  wire  when  it  enters  a 
ma^etic  field. 

857.  Fig.  94  represents  a  bar  magnet  N  S  with  one  of  the 

Fig.  »4. 


rings  of  electrostatic  order  formed  on  the  lines  of  force  issuing 
from  its  north  pole.  0  is  a  conductor  carrying  a  current,  such 
as  the  ring  of  Fig.  91,  i,  and  shows  how  its  magnetic  lines 
agree  with  those  of  N  S,  the  result  of  which  is  to  draw  the  wire 
to  the  middle  line  of  the  magnet  where  the  sum  of  the  agree- 
ments is  greatest :  in  these  conditions  the  current  and  magnet 
unite ;  the  space  within  the  wire  becomes  part  of  the  magnet  and 
the  return  lines  of  force  would  be  deflected  to  the  outside  of 
the  wire  where  they  would  also  agree  with  its  lines.  But  if 
there  were  no  current  in  C  a  different  set  of  conditions  would 
come  into  play.  The  full  field  cannot  be  drawn  so  as  to  be 
intelligible,  but  a  little  consideration  will  show  that  the  space 
is  filled  with  such  circles  as  that  shown,  of  all  diameters ;  there- 
fore the  wire,  as  it  approaches  the  pole  N,  will  be  continually 
entering  fresh  circles,  with  their  magnetic  lines  in  different 
dii-ections,  so  that  its  molecules  will  be  solicited  in  constantly 
changing  directions  in  order  to  accommodate  themselves  to 
these  changing  conditions. 

858.  In  Figs.  95  and  96  we  can  see  what  happens  when  a 
wire  crosses  the  lines  of  force  of  a  magnet.  In  Fig.  95  we  have 
a  vertical  section  of  the  field  of  a  N  ai>d  S  pole  as  between  the 

J)oles  of  a  hor.-eshoe,  or  those  of  a  dynamo  machine,  showing  the 
ines  of  magnetic  force  and  the  resulting  electric  rings ;  Fig.  96 
is  a  section  of  the  same  field,  in  which  we  can  see  what  occurs 
in  a  wire  traversing  it  in  the  direction  of  the  arrows:  as  it 
occupies  the  several  vertical  dotted  lines,  it  cuts  circle  after 
circle,  in  each  of  which  there  is  different  angular^  relation  to 
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the  wire,  which  would  result  in  a  rotation  of  the  molecules  in  a 
spiral  line  around  the  wire ;  here  we  have  the  explanation  of 

Fig.  95.  Fio.  96. 


what  occurs  in  ring  armatures  of  the  Gramme  and  Siemens 
types. 

859.  Such  a  field  between  two  poles  may  be  regarded  as  a 
bar  magnet,  without  return  or  external  lines.  Therefore  when  a 
helix  occupies  the  field  its  wires  correspond  to  the  several 
circles  shown,  and  the  molecules  must  form  a  continuous  chain 
corresponding  to  these  circles,  and  in  taking  up  that  position  a 
similar  spiral  rotation  is  necessary. 

If  the  nelix  contains  an  iron  core  it  concentrates  the  lines  of 
force  more  speedily  and  more  completely,  so  that  Fig.  95  shows 
us  what  occurs  in  armatures  of  the  types  of  Fig.  89. 

Also  if  we  consider  the  action  of  a  ring  descending  vertically 
upon  N  we  have  a  modification  of  §  8^6  and  a  more  full  idea  of 
the  actions  on  the  wire :  this  action  is  shown  at  C  as  again  a 
spiral  rotation  of  the  molecules,  resulting  from  their  relations 
to  the  different  circles  into  which  the  diflferent  parts  of  the  wire 
enter. 

860  Current  as  a  Spiral  Molecular  Rotation. — The  actions 
thus  presented  indicate  that  electric  current  is  not  propagated 
in  a  direct  line  along  the  conductor,  but  in  a  spiral  winding 
round  the  conductor  corkscrew  fashion.  Such  a  spiral  progress 
of  apparent  linear  motion  is  found  in  other  cases :  in  a  vibrating 
metal  rod  giving  out  a  musical  note,  a  loose  ring  of  paper  comes 
to  rest  on  the  nodal  points  of  the  vibrations,  and  uiese  form  a 
spiral  line  around  the  bar ;  the  phenomena  of  polarized  light 
indicate  that  the  undulations  take  place  in  all  planes,  which 
corresponds  to  a  spii  al  propagation,  just  as  a  corkscrew  looked  at 
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edgeways  appears  as  an  undnlatoiy  line  and  is  really  stich  an 
undulation  in  all  planes.  Professor  Hughes's  latest  examinations 
of  the  phenomena  of  magnetism  demonstrate  the  existence  of 
this  spiral  molecular  arrangement,  rather  than  a  direct  linear 
polar  order  of  the  molecules.  The  subject  is  not  ripe  for  any 
very  definite  opinions,  but  I  ofler  Fig.  97  as  very  suggestive. 
Assuming  that  a  "positive"  current  implies  a  right-handed 
rotation  in  the  wire,  we  have  an  obvious  cause  for  the  direction 
of  the  magnetic  circles  corresponding  to  it :  for  this  purpose  it 
is  of  no  moment  which  may  be  the  actual  direction  correspond- 
ing to  the  +  current,  because  our  making  the  point  of  the  arrow 
correspond  to  N  magnetism  is  purely  arbitrary. 

Fio.  97. 


By  reference  to  Fig.  92  it  will  be  seen  that  97,  i  and  2,  are  the 
front  turns  of  a  right-handed  helix  with  the  current  in  the  two 
directions,  while  3  and  4  are  the  same  for  a  left-handed  helix. 
I  and  4  also  show  why  a  right-handed  helix  is  the  same  thing 
as  a  left-handed  helix  at  the  other  end,  with  current  reversed, 
and  therefore  the  same  magnetic  actions :  2  and  3  show  the  same, 
as  they  are  exactly  alike  except  that  the  beginning,  or  longer 
end,  is  exchanged. 

861.  Thb  Field  Magnets. — There  is  little  difference  in  this 
part  of  the  dynamo  machines ;  the  earlier  forms  consist  of  mere 
horseshoe  magnets  variously  fitted  to  act  on  the  various  types  of 
armature:  in  the  later  machines  the  same  horseshoe  is  really 
produced  but  usually  in  the  form  of  two  opposed  horseshoes 
forming  consequent  poles  in  a  complete  metallic  circuit :  pro- 
jecting pole-pieces  are  added  to  carry  the  poles  around  so  much 
of  the  ring  as  is  necessary,  the  extent  of  these  projections 
depending  upon  the  nature  of  the  armature.  There  are  two  plans 
in  use,  which  look  different,  yet  are  the  same  in  principle.  Fig. 
98  shows  the  two  opposed  horseshoes  let  into  common  pole- 
pieces  with  projecting  horns  N  S  forming  the  circular  field  in 
which  the  armature  rotates.  This  is  the  general  type  of  th& 
Gramme  field  magnets. 

Fig.  99  shows  ttie  pole-piece  and  one  arm  of  each  horseshoe 
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formed  in  one  mass  of  metal,  two  such  bars  being  secDred  to  the 
cross  arms  to  complete  the  system.  This  is  the  type  of  the 
Siemens  field  magnets,  in  which  the  arms  are  made  of  a  number 


Fig.  98. 


Fig.  99. 


of  parallel  bars  of  wronght-iron  curved  to  the  required  shape. 
The  same  type  is  employed  in  the  Burgin,  the  Maxim,  and 
Weston  machines,  but  solid  cctstings  are  used. 

A  comparison  with  Fig.  loi  will  show  that  these  forms  are 
in  no  way  different  in  principle  from  the  simple  horseshoe 
magnet ;  the  different  field  magnets  are  only  different  modes  of 
concentrating  a  powerful  field  upon  the  armature.  In  the  later 
modifications  of  the  ring  machines,  instead  of  a  single  field 
between  a  pair  of  N  and  S  poles,  two,  three,  or  more  pairs  are 
employed,  and  the  ring  is  really  divided  into  as  many  segments, 
in  each  of  which  the  same  action  occurs  as  in  the  ring. 

862.  Action  of  Field  Magnets. — As  one  of  the  principal 
elements  of  the  E  M  F  of  machines  is  the  *'  intensity  of  the 
field,"  different  systems  of  supplying  the  field  magnets  are 
employed.  In  the  original  machines,  with  permanent  magnets, 
this  element  is  comparatively  fixed,  and  therefore  the  EMF 
generated  is  wholly  dependent  upon  its  other  element,  the 
angular  velocity  of  the  armature ;  as  a  consequence  in  any  given 
machine  of  this  type  the  EMF  is  proportional  to  the  speed  of 
rotation.  The  same  law  applies  to  electro-magnets  fed  by  an 
independent  source,  such  as  a  separate  machine,  or  a  distinct 
armature.  This  last  plan  is  not  quite  so  regular  as  the  others ; 
because  the  field  magnet  is  itself  modified  by  the  reactions  of 
the  armature,  as  also  are  its  several  relations  to  two  or  more 
armatures.  Even  with  permanent  magnets  a  disturbing  action 
occurs  :  poles  are  induced  in  the  armature  by  the  field  magnets ; 
in  some  forms,  polarities  are  also  induced  by  the  current  in  the 
armatures,  and  this  current  will  vary  in  the  same  field  and  at 
same  speed,  according  to  variations  of  the  external  resistanoe, 
and  this  will  result  in  a  varied  reaction  upon  the  field  poles. 
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The  conditions  of  the  field  are  controlled  by  different  modes  of 
'winding  and  of  distribution  of  the  feeding  current  as  explained 
§  891. 

863,  Dt^tacement  of  the  Field  Poles. — The  axis,  or  direction, 

of  a  magnetic  field  of  force,  is  of  coarse  the  straight  line  between 

the  poles,  and  the  central  polar  focus  of  such  magnets  as  Figs. 

98,  99  is  obviously  the  middle  of  the  iron ;  but  this  is  no  longer 

the  case  when  a  rotating  armature  is  in  the  field.     Two  actions 

then  occur,  which  distort  the  normal  conditions,     (i)  The  wires 

themselves,  carrying  currents,  have  affinities  with  the  lines  of 

force  in  the  field,  and  act  upon  them  just  as  a  moving  body  does 

upon  a  liquid,  so  that  the  lines  of  force  instead  of  lying  in  the 

normal  position  of  the  field,  are  drawn  aside  in  the  direction  of 

rotation.     (2)  The  iron  of  the  armature  does  not  attain  full 

magnetism  until  it  has  passed  the  focus  of  the  pole,  because  it 

takes  time  to  magnetize,  §  821.    But  the  pole  formed  in  the 

armature  attracts'  the  field  pole,  and  as  the  polar  position  is  not 

fixed  in  a  mass  of  iron,  §  134,  the  field  pole  itself  follows  the 

armature  pole,  and  the  polar  line  of  the  field  magnets  is  no 

longer  symmetrical,  and  at  right  angles  to  the  line  of  the 

magnet,  but  is  drawn  forward  in  the  direction  of  rotation  of  the 

armature,  as  shown  Fig.  87,  p.  472, 

As  a  consequence,  the  neutral  points  of  the  armature  itself 
are  no  longer  on  a  central  line,  but  are  moved  forward  in  the 
direction  of  the  rotation  to  an  extent  variable  with  the  currents 
passing,  and  altering  external  resistances.  This  neutral  point 
is  that  at  which  no  £  M  F  is  set  up  in  the  wire  occupying  it,  and 
therefore  it  is  the  position  at  which  the  collecting  brushes  must 
be  set.  If  the  brushes  are  on  either  side  of  the  neutral  point, 
the  local  £MF  sets  up  currents  resulting  in  sparks  at  the 
brushes ;  a  certain  amount  of  "  lead  "  has  therefore  to  be  given 
to  the  brushes,  and  a  power  of  adjustment,  by  moving  on  an 
axis,  to  compensate  for  changes  in  the  neutral  line. 

864.  Siemens'  Core. — This,  which  is  mentioned  §  826,  is  shown 
Figs,  icx),  ioi:Aisa  solid  soft-iron  mass,  of  a  section  resem- 
blmg  that  of  an  H  girder,  with  the  faces  turned  down  to  arcs 
of  a  circle.  The  wire  is  wound  longitudinally,  as  shown  in  sec- 
tion in  the  middle  of  Fig.  loi.  The  coil  may  be  covered  with 
a  sheathing  of  wood  so  as  to  form  a  solid  smooth  cylinder,  with 
grooves  in  the  face  to  contain  fastenings  to  hold  the  wood  in  its 
place.  On  the  ends  of  the  armature,  brass  plates  are  securely 
screwed  to  form  the  axis  of  rotation,  and  carrying  at  one  end  p^ 
the  driving  pulley,  and  at  the  other  end  the  commutator^  0. 
This  consists  of  a  cylinder  of  ebonite  fixed  upon  the  axis,  upon 
which  are  secured  the  two  halves  of  a  gun-metal  cvjinden  cut 
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diagonally,  as  shown  ;  the  ends  of  the  wire  of  the  armature  are 
led  through  the  end  pieces  and  secured  to  these.  Frequently, 
one  of  the  connecting  pieces  is  fixed  to  the  axis,  and  one  end  of 
the  wire  to  the  armature  instead  of  isolating  both.  Springs 
like  8,  fitted  with  a  turned  pad  of  steel  or  other  metal,  press 


Fig.  100. 


Fig.  101. 


upon  the  cylinder,  and  take  up  the  current ;  they  are  usually 
made  in  one  piece  and  cause  great  pressure  and  wear ;  it  is 
better  to  cut  them  down  as  shown,  in  order  to  give  more  elas- 
ticity. 

865.  The  Siemens  core  is  used  in  a  yariety  of  tmcdl  moion: 
Deprez's,  Trouve's,  and  Griscom's  are  pure  Siemens  machines 
sometimes  with  permanent  field  magnets,  and  sometimes  with 
electro-magnets  ;  in  the  Grisoom,  the  field  magnet  is  really  the 
same  as  Fig.  99,  but  the  extended  arms  are  not  used,  but  the 
magnet  is  made  circular,  leaving  projecting  poles  at  its 
opposite  diameters,  and  the  re^t  of  the  ring  wound  over  with 
wire. 

*  In  these  motors  a  slight  change  of  form  has  been  made  which 
is  consideied  or  said  to  improve  the  action;  either  the  field 
space  is  changed  by  allowing  each  pole-piece  to  partly  overlap 
the  circle,  or  the  core  itself  is  made  slightly  elliptic ;  in  either 
way  a  gradual  approach  is  made  by  the  armature  instead  of  its 
at  once  coming  close  up  and  maintaining  a  constant  space 
between  the  faces  of  armature  and  field  poles. 

866.  Siemens*  and  Wilde's  machines,  in  which  this  core  was 
used,  consisted  of  field  magnets  the  construction  of  which  is 
shown  Fig.  loi :  a,  a,  are  two  blocks  of  cast  iron  of  such  length 
as  may  be  required  in  each  case ;  they  are  separated  by  blocks 
of  wood  or  other  non-magnetic  substance,  and  bolted  together 
by  brass  or  copper  fastenings ;  a  cylindrical  opening  is  bored 
through,  in  which  the  armature.  Fig.  100,  rotates.  At  the 
proper  intervals  there  are  lugs,  as  shown,  to  which  are  to  be 
bolted  the  actual  magnets,  either  steel  or  soft  iron,  as  required : 
a,  a,  form,  in  fact,  the  poles  of  a  compound  magnet,^  and  may  be 
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made  in  separate  pieces  for  each  magnet ;  all  surfaces  in  contact 
with  the  true  magnet  being  carefully  faced  so  as  to  secure  a 
large  surface  contact. 

A  comparison  of  Figs.  98  and  loi  wiU  show  that  the  differ- 
ence of  these  field  systems  is  merely  one  of  construction,  but 
that  their  action  is  identical. 

The  arrangement  of  the  machine  itself  is  simply  a  matter  of 
convenience  of  construction ;  in  Wilde^a,  §  827,  the  large  electro- 
magnet is  fixed  on  the  foundation  and  the  smaller  permanent 
one  mounted  above  it ;  each  armature  having  its  own  driving 
pulley  and  strap.  The  construction  of  Ladd's  forms  is  ex- 
plained §  830. 

867.  The  Gramme  machine  was  the  first  practical  machine 
introduced  with  a  true  ring  arifMjUure^%  845,  the  principal  distinc- 
tion of  which  is  that  it  furnishes  a  uniform  and  constant  current 
in  one  direction^  while  others  give  intermittent  and  alternating 
currents,  which  have  to  be  arranged  by  the  commutator.  The 
reason  of  this  is  easily  seen ;  in  the  earlier  machines  the  wire 
in  which  the  current  is  set  up  is  constantly  altering  its  position 
in  the  magnetic  field,  and  is  as  a  whole  subjected  to  a  growing 
and  diminishing  action  in  two  opposite  directions,  hence 
the  electromotive  force  set  up  is  of  the  nature  of  a  succea- 
rion  of  waves  alternately  rising  above  and  below  the  zero  line : 
and  the  current  resembles  the  stream  set  up  by  strokes  of  a 
pump.  In  the  Gramme  machine,  although  each  part  of  the 
wire  is  constantly  changing  its  relation  to  the  acting  magnetic 
field,  yet  the  wire,  as  a  wlwle,  never  changes  its  relation  to,  or 
position  in  the  field ;  hence  the  inductive  conditions  set  up  are 
constant ;  the  electromotive  force  set  up  is  of  the  .nature  of-^a 
constant  fall  of  water,  and  the  current  is  a  steady  stream.  To 
understand  how  this  result  is  arrived  at,  it  is  necessary  to 
examine  the  apparatus  and  the  conditions  from  several  distinct 
points  of  view. 

868.  The  Gramme  armature  differs  from  those  of  the  Clarice 
type  shown  in  Figs.  88,  89  in  being  a  closed  ring  of  metal, 
instead  of  an  iron  bar  forming  the  core  of  an  electro-magnet 
induced  by  the  field  poles ;  yet  it  is  really  just  such  a  bar, 
if  we  consider  its  true  functions:  it  will  be  seen  in  §  871 
that  it  is  really  two  such  bars  dividing  the  field,  and  uniting 
their  actions  ;  the  wire  upon  them  being  so  arranged  as 
to  unite  the  currents  developed.  In  order  to  effect  this,  the 
wire  is  not,  as  in  ordinary  electro-magnets,  a  length  of  wire 
having  two  ends  forming  a  constant  circuit ;  it  is  a  continuous 
and  endlefes  piece  of  wire  wound  over  every  part  of  the  ring. 
The  current  does  not  flow  through  this  circuit  in  its  entirety, 
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first  one  way  and  then  the  other,  but  two  opposing  cnrrents 
flow  in  those  parts  of  the  wire  which  occupy,  at  each  instant,  a 
fixed  relation  to  the  inducing  magnet,  or  rather  no  current 
flows  at  all  (considering,  that  is,  the  circuit  itself),  but  two 
equal  and  opposite  electromotive  forces  are  set  up,  which  unite 
in  producing  current  if  an  external  conductor  is  provided. 
869.  The  construction  is  explained  by  Fig.  102.     The  iron 

Fig.  102. 


core  is  formed  either  of  hoop  iron,  or  preferably  wire,  wound  up  in 
a  ring  to  prevent  induction  currents  (commonly  called  Foucault 
currents  in  this  sense).  The  conductor,  the  size  of  which  is  of 
course  proportioned  to  the  relative  E  M  F  and  current  desired 
to  be  obtained,  is  wound  continuously  over  the  core  in  one 
direction  and  its  ends  joined  together ;  but  though  this  wire  is 
endless,  it  is  necessary  that  there  should  be  a  constant  connec- 
tion with  it  at  the  points  where  it  is  cut  by  the  vertical  line  -( — . 
Looking  at  the  armature  as  a  whole,  and  as  regards  its  relation  to 
the  magnetic  field,  the  electromotive  forces  set  up  are  shown  by 
the  arrows  which,  it  will  be  seen,  represent  the  same  conditions 
as  a  pair  of  equal  batteries  connected  with  their  forces 
opposed,  as  regards  themselves,  but  in  multiple  arc  as  regards  an 
external  circuit.  In  such  an  external  circuit,  therefore,  they 
combine  to  set  up  a  current ;  if  no  external  circuit  is  providei 
no  current  is  generated.  But  the  different  parts  of  the  armaiure^ 
as  it  revolves,  are  constantly  changing  their  positions  in  the 
field,  and  therefore  a  temporary  or  shifting  connection  to  the 
wire  has  to  be  made,  as  each  of  its  turns  crosses  the  vertical 
line.     If  the  wire  were  a  single  layer,  this  could  be  accom- 
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plished  by  exposing  its  exterior  surface  and  arranging  a  spring 
to  touch  at  each  point.  Practically,  this  same  condition  is 
attained  by  dividing  the  wire  into  a  great  number  of  equal 
sections,  and  attaching  a  conductor  to  each  section  in  such  a  way 
as  to  make  it  act  as  would  the  single  turns  of  the  wire  itself. 
This  is  eflfected  by  bringing  these  conducting  branches  out  to 
an  insulated  cylinder  faced  with  as  many  insulated  contact 
pieces  as  there  are  sections  of  wire  to  be  connected;  this  is 
shown  by  the  dotted  lines  in  Fig.  102,  which  represent  the 
connecting  wires ;  springs  pressing  on  the  contact  pieces  make, 
practically,  a  constant  conuectiou  with  the  two  halves  of  the 
circuit  on  the  vertical  line.  In  the  machine  itself  these  springs 
are  replaced  by  brushes  of  wire  thick  enough  to  press  on,  at 
least,  two  contact  pieces.  The  object  is  to  prevent  any  actual 
break  of  contact  in  order  to  avoid  the  production  of  sparks  at 
the  commutator ;  there  is  also  less  mechanical  resistance  than  a 
strongly  pressing  spring  would  cause. 

870.  We  have  only  to  conceive  this  armature  inserted  in  the 
place  of  the  Siemens  armature  in  Fig.  loi  in  order  to  follow 
out  its  relations  to  the  magnetic  field,  and  to  trace  out  the 
points  in  which  a  ring  armature  differs  from  the  bar  or  horse- 
shoe types.  In  these  latter  the  armature,  as  a  whole^  reverses 
its  relation  to  the  magnetic  field,  and  assumes  two  distinct  condi- 
tions at  different  times.  In  the  ring  type,  the  different  parts  of  the 
armature  assume  these  conditions  successively^  and  thus  set  up  a 
rotation  of  the  molecules  of  the  wire  as  in  other  cases ;  but  as  a 
whole^  the  two  distinct  conditions  are  assumed  at  the  same  time  in  the 
two  halves  of  the  armature  on  each  side  of  the  vertical  line  in 
Fig.  102. 

In  the  revolution  of  an  ordinary  armature,  the  electromotive 
force  set  up  in  the  wire,  as  a  whole,  varies  with  its  distance 
from  the  inducing  magnet,  and,  in  consequence,  the  current 
produced  is  variable.  Now,  the  various  sections  of  the  ring 
occupy  all  these  different  positions  at  once;  the  consequent 
variable  electromotive  forces  are,  therefore,  generated  in  them 
as  in  the  ordinary  armatures;  but  these  sections  being  con- 
nected together  in  series,  they  act  exactly  as  do  a  series  of  cells 
of  different  electromotive  forces,  and  the  resulting  electromotive 
force  in  each  of  the  sides  of  the  ring  is  constant,  and  is  the  sum 
of  all  those  of  the  sections  it  contains.  The  action  of  the  two 
halves  of  the  ring  A,  Fig.  102,  corresponds,  therefore,  in  all 
respects  with  that  of  the  two  equal  batteries,  shown  in  B,  as 
coupled  in  multiple  arc.  In  both  there  are  equal  opposed  forces 
resulting  in  static  equilibrium,  and  in  both  there  is  combined 
action  on  an  external  circuit. 
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871.  Theory  of  the  Gramme  Eing. — The  foregoing  accurately 
describes  the  resulting  action,  but  the  causes  are  to  be  found  in 
the  working  of  the  principles,  explained  §§  846-859,  some 
co-operating,  and  some  opposing. 

Two  of  these  actions  may  be  traced  in  Fig.  105.  N  S  are  the 
field  poles,  not  so  far  extended  as  is  now  usual  in  practice,  and 
leaving  out  of  consideration  the  distortion  of  the  field  explained 
§  863.  If  we  consider  the  wire  alone,  we  see  that  it  is  (i)  a 
helix  traversing  the  field  and  cutting  its  lines  upwards  from 
5  to  2,  and  downwards  from  2  to  5,  therefore  producing  opposite 
currents  in  the  two  halves  of  its  rotation.  (2)  That  the  helix 
("disregarding  the  edges  which  lie. parallel  with  the  lines  of 
lorce)  consists  of  two  wires,  on  each  side,  cutting  the  lines, 
therefore  there  must  be  similar  induction  in  each,  generating 


Fig.  104. 


an  opposing  E  M  F  in  each  turn  of  the  wire,  somewhat  stronger 
in  the  outer  position  than  in  the  inner,  because  of  its  greater 
nearness  to  the  pole.  (3)  If  we  now  insert  the  iron  core,  it 
absorbs  the  lines  of  force  into  itself  by  its  greater  capacity,  and 
these  lines  now  exist  only  in  the  spaces  between  the  fidd  poles  and 
the  ring  itself:  the  iron  core  becomes  a  shield  to  aU  the  space 
within  itself,  and  constitutes  practically  a  magnet  suspended 
between  the  two  field  poles.  This  results  in  two  actions. 
(4)  The  helix  is  now  resolved  ivto  a  single  line  of  wires  cutting  Ike 
lines  of  force,  under  the  conditions  of  §§  858-9.     No  opposing 
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EMF  is  set  up  in  the  inner  portion  of  its  wires  becanse 
these  are  no  longer  in  a  field  of  force  at  all,  they  are  merely 
conductors  connecting  the  outer  wires — in  fact  we  regard 
the  core  as  a  fixed  magnet  with  poles  opposed  to  the  field 
poles   and  the  helix  as  a  wire  passing  between  these  poles. 

(5)  But  though  the  magnet  is  fixed  in  space,  the  iron  in  which  it 
exists  is  being  constantly  changed ;  change  of  magnetic  state 
means  altered  molecular  arrangements,  a  consequent  rotation  of 
the  molecules  with  the  accompanying  reaction  upon  its  sur- 
roundings. This  "  polar  introversion  is  considered  by  Count 
Du  Moncel  to  be  the  chief  source  of  E  M F  in  the  Giamme. 

(6)  This  constant  magnetic  change  in  the  iron  has  a  disad- 
vantageous result,  because  it  heats  the  iron,  and  is  doubly 
injurious,  by  the  consequent  waste  of  energy  and  by  increasing 
the  resistance  of  the  wire  by  the  heat  thus  given  off,  in  addition 
to  that  due  to  the  current  in  the  wire. 

872.  An  entirely  different  set  of  actions  is  illustrated  by 
Fig.  104.  Here  we  consider  the  core  as  constituting  two  bar 
magnets,  fixed  in  space,  and  taking  up  the  lines  of  the  field ; 
then  the  wire  represents  a  succession  of  helices  drawn  along 
these  bars,  and  we  have  the  conditions  of  §§  850  and  857.  Start- 
ing from  S,  in  the  upper  curved  bar,  each  section  is  exposed  to 
growing  inductive  action,  till  it  reaches  the  middle  line,  where 
all  the  inductive  actions  of  the  principal  magnets,  and  of  the  in- 
cluded bar,  are  at  a  maximum,  and  tend  to  make  the  wire  led 
out  to  the  commutator  positive,  or  + ;  on  passing  the  neutral 
axis  the  current  is  reversed  in  the  wire.  We  may  now  consider 
the  helix  as  traversing  a  bar  extending  between  the  two  neutral 
points,  with  consequent  N  poles  at  the  middle ;  in  such  a  bar 
no  reversal  of  current  would  occur,  but  one  in  the  same  direction 
would  be  generated  all  along  the  bar,  with  a  reversal  on  enter- 
ing the  other  semicircular  bar  on  the  neutral  line  at  —  :  in  this 
path  there  would  also  be  the  effect  of  '*  polar  introversion " 
of  §871  (5). 

873.  We  have,  therefore,  three  distinct  influences  co-operating 
in  the  Gramme  machine : — 

(i)  The  otUer  portion  of  the  wire  cutting  the  lines  of  force 
between  the  field  poles  and  the  induced  core  poles,  §871  (:^). 
As  to  this,  the  wire  inside  the  core  is  inert  and  a  mere  resistance : 
on  the  edges  a  partial  action  is  exerted  because  the  lines  of 
force  are  not  all  absorbed  direct  into  the  core,  but  are  partly 
bent  round  towards  it.  Several  of  the  modem  machines  are 
specially  directed  towards  utilizing  this  inner  wire,  as  by 
causing  the  pole-pieces  to  inclose  the  armature  as  much  as 
possible. 
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(2)  The  heUx  action  in  traversing  a  bar  magnet,  §  872,  whioh 
acta  on  the  whole  of  the  wire. 

(3)  Hie  polar  introversions  of  the  core,  §  872  (5),  also  acting  on 
the  whole  wire,  but  most  strongly  on  the  outer  portions,  and 
accompanied  with  loss  by  the  heat  of  demagnetization. 

874.  The  Siemens  Dbuh  Armature. — ^The  object  of  this  ia  to 
minimize  the  inert  portion  of  the  wire :  the  core  is  no  longer  a 
ring,  but  a  mass  of  iron  constituting  the  inner  induced  magnet 
and  represented  by  a  cylinder  of  sufficient  thickness  to  take  up 
the  field.  The  wii  e  is  wound  along  the  length  and  across  the 
ends  of  the  cylinder,  so  that  it  represents  only  the  single  wire 
cutting  the  field  on  each  side  in  opposite  directions,  and 
therefore  generating  a  current  in  one  direction,  reversed  as  it 
crosses  the  neutral  line.  Exactly  the  same  actions  occur  as  in 
the  Gramme  vdre,  §  872,  and  the  difference  is  in  the  relative 
amount  of  idle  wire  in  the  two ;  the  wire  across  the  ends  of  the 
cylinder  is  inert  in  this  case. 

875.  There  are  various  ways  of  winding  on  the  wire :  that 
used  in  the  Siemens  machine  crosses  the  cylinder  diametrically 
at  one  end,  but  at  the  other  it  passes  from  the  middle  of  one 
polar  arc  to  the  extremity  of  the  other  arc.  The  wire  is  divided 
into  8,  f  2,  1 6  parts  according  to  the  size  of  the  machine,  all 
united,  by  means  of  the  commutator  segments,  into  one  endless 
wire,  as  in  the  Gramme,  but  differently  arranged. 

The  toinding  of  the  wire  is  so  arranged  that  the  layer 
which  is  on  each  side  facing  the  middle  of  the  pole-piece  corre- 
sponds to  one  turn  around  the  cylinder.  Let  us  conceive  an 
armature  of  8  such  turns,  therefore  of  16  wires,  of  which  ihe 
ascending  turns  i,  3-15  shall  be  regarded  as  related  to  the  N 
pole,  and  on  the  left  hand  (as  in  Fig.  103),  and  the  descending 
turns  J,  4-1 6  as  related  to  the  S  pole  on  the  right.  Let  us  begin 
with  I  at  the  middle  of  the  N  pole,  and  connected  on  ike 
further  end  of  the  cylinder  to  the  lower  end  of  16  which  faces 
the  middle  of  the  S  pole.  The  commutator  consists  of  8  strips 
which  we  may  calljL  &,  —  A,  of  which  a  lies  nearest  to  wire  i : 
this  upper  end  ofTwire  i  is  now  led  across  the  end  of  the 
cylinder  to  the  upper  end  of  the  S  field  pole,  where  it  descends 
as  wire  2 :  the  winding  has  thus  advanced  one-eighth  of  the 
circumference,  against  the  hands  of  the  watch ;  the  cross  wire  is  also 
connected  to  armature  segment  a  :  that  is  to  say,  the  end  of  wire 
I,  and  beginning  of  wire  2,  are  joined  together  at  a.  Wire  2  then 
commencing  at  a  and  crossing  the  lower  end  to  the  point  one- 
eighth  further  advanced — that  is,  to  opposite  the  lower  point  of 
pole  N,  we  may  consider  as  wound  round  and  round  the  cylinder 
between  2  and  3,  so  as  to  fill  up  one-eighth  of  the  cylinder :  the 
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turns  in  the  spaoe  corresponding  to  2  and  3  therefore  constitute 
on&  helix  crossing  the  cylinder,  and  oonstitiiting  the  next  col- 
lection of  wires  which  will  come  in:to  the  highest  action  as  the 
cylinder  rotates  in  the  direction  of  the  hands  of  a  watch.  The 
end  of  3  and  the  beginning  of  4  are  m  like  manner  connected  to 
segment  h  of  the  commutator,  that  is  to  say,  to  the  next  one  to 
a,  working  round  the  commutator,  as  the  wire  itself  does, 
against  the  hands  of  the  watch. 

876.  Tlie  neutral  paints  are,  as  in  the  Gramme,  on  the  vertical 
section  of  the  field,  and  the  currents  set  up  in  the  various 
sections  of  the  ring  are  just  like  those  in  the  Gramme  as  shown 
§  868  and  Fig.  102.  But  little  E  M  F  is  generated  in  the 
sections  4-5,  ^7,  which  occupy  the  middle  of  the  field  and  whose 
ends  are  connected  to  the  commutator  segments  near  the  neutral 
line:  they  only  conduct  the  current  to  the  neutral  points. 
Therefore  the  commutator  brushes  overlap  at  least  two  segments, 
thereby  short  circuiting  these  idle  portions  of  the  wire,  or 
cutting  them  out  of  action  so  as  to  reduce  the  resistance.  A 
similar  object  is  attained  in  like  manner  in  the  Gramme,  and  so 
long  as  the  brushes  occupy  the  neutral  axis  the  only  sparks 
produced  will  be  due  to  the  vibration  and  jumping  away  of 
parts  of  the  bruHhes.  If  any  considerable  sparking  occurs  it 
proves  that  the  brushes  do  not  occupy  the  true  neutral  points 
due  to  the  actions  explained  §  863.  The  Siemens  field  system 
is  shown  Fig.  99,  p.  490. 

877.  The  Siemens  drum  is  a  link  of  evolution  between  the  bar 
armature  of  Fig.  loi ,  and  the  Pacinotti  ring.  It  is  no*  derived  from 
the  Gramme  machine,  or  a  mere  modification  of  the  Gramme  ring 
as  it  is  commonly  said  to  be.  It  is  likely  enough  that  it  was 
suggested  by  the  consideration  of  the  Gramme  action ;  but  it  is 
truly  the  Siemens  core  of  Fig.  loi  with  its  middle  plate  divided 
in  10  two  and  brought  out  towards  the  ends  of  the  pole-pieces  : 
in  fact  it  utilizes  the  action  which  occurs  in  the  old  core,  direct 
upon  the  wires  as  they  pass  the  field  poles,  but  which  is  not 
utilized  in  the  old  machine  because  the  magnetic  action  of 
§  872  is  in  it  so  much  more  important  than  that  of  the  wire 
itself,  §  87 1  (4),  while  these  functions  are  reversed  in  importance 
in  the  modem  ring  form.  None  the  less,  the  Siemens  ring  is. 
really  a  compoxmd  of  a  number  (in  §  875  this  number  is  8)  of 
the  old  Siemens  X  cores,  in  which  the  polar  ends  are  extinguished 
while  the  connecting  webs  are  divided  in  two,  and  expanded 
into  the  ring,  in  the  same  manner  as  (§  843)  we  saw  in  Fig.  89 
(2)  the  corresponding  radial  bars  (which  really  represent  these 
webs),  converted  into  the  ring  of  Fig.  89  (3). 

878.  The  Brusu  Machine. — This  is  usually  made  to  develop 
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a  mucli  higher  E  M  F  than  is  employed  with  other  machines, 
but  this  is  not  a  necessary  consequence  of  its  principles.  It  is 
commonly  described  as  a  derivation  of  the  Gramme,  but  it  is 
wholly  different  in  principle,  the  sole  resemblance  being  the 
continuous  iron  ring  of  the  armature,  in  which  the  magnetism 
travels  to  some  extent,  though  it  is  largely  intermittent,  as  if 
built  up  of  independent  segments  like  the  Meritens. 

879.  The  core  is  a  modified  Pacinotti  ring,  having  an  intrinsio 
distinction  from  the  Gramme  ring :  it  has  projecting  pole- 
pieces  between  the  sections  of  the  wire  which  come  close  up  to 
the  field  poles  and  therefore  take  up  a  very  much  higher 
magnetic  charge. 

The  Pacinotti  core  may  be  regarded  as  a  solid  ring  of  the 
full  size  of  the  armature,  in  which  have  been  channelled  out 
spaces  to  receive  the  wire.  The  Brush  core  consists  of  this 
same  ring  built  up  out  of  two  or  more  parallel  discs  insulated 
from  each  other,  or  of  a  ring  so  deeply  channelled  as  to  nearly 
divide  it  into  discs ;  the  outer  halves  carry  the  projecting  pole- 
pieces,  also  deeply  channelled  :  the  object  of  these  channel  is  to 
prevent  the  formation  of  induced  Foucault  currents  in  the  mass 
of  the  core  itself,  because  these  transfer  the  inducing  action 
from  the  wires,  where  it  is  wanted,  to  the  iron  where  they 
would  be  not  merely  useless,  but  also  injiirious  by  generating 
heat.  This  forms  eight  spaces  which  really  constitute  inde- 
pendent bobbins. 

880.  The  wire  is  wound  in  these  spaces  as  usual,  always  in 
one  direction,  but  not  connected  into  oue  length  as  in  the 
Gramme  and  others :  the  inner  ends  of  each  opposite  segment 
are  connected  together;  the  outer  ends  are  kept  independent 
and  connected  together  as  required  by  the  commutator,  which 
here  deserves  the  name,  as  it  is  not  a  mere  collector.  The 
effect  is  that  the  two  opposite  segments  constitute  a  true 
Saxton  electro-magnet  in  principle. 

The  action  of  the  Brush  annature,  therefore,  is  almost  wholly 
that  of  §  873  (2),  the  reaction  of  the  core  on  its  helix:  there 
may  be  some  of  the  effects  of  the  polar  introversions,  but  there 
are  no  effects  due  as  in  873  (i)  to  the  wires  themselves  cutting 
the  lines  of  the  field,  because  the  opposite  sides  of  the  wire  cut 
those  lines  from  similar  poles  in  the  same  direction. 

881.  The  field  system  is  a  simple  horseshoe  electro-magnet 
across  the  polar  ends  of  which  the  ring  rotates,  on  precisely  the 
same  principles  as  in  the  Saxton  machine,  §  824.  But  instead 
of  a  single  electro-magnet,  there  are  two,  a  similar  pair  being 
arranged  on  the  other  side  of  the  disc,  with  same  poles  opposed, 
so  as  to  influence  the  ring  on  both  sides,  and  therefore  the 
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typical  horseshoe  of  the  Saxton  is  straightened  out  (^theoreti- 
cally) so  that  its  polar  ends  are  fully  acted  on  by  the  inclosing 
field  poles,  which  are  so  expanded  as  to  act  upon  three  of  the 
segments  at  a  time. 

882.  The  commutator  is  built  up  on  the  axis  of  rotation,  as  in 
other  machines :  it  consists  of  a  metallic  cylinder  for  each  pair 
of  armature  segments  (i  for  each  theoretical  electro-magnet)  of 
the  system  :  this  cylinder  is  divided  into  two  insulated  halves 
and  the  ends  of  the  wires  of  the  pair  are  united  to  these,  as  in 
the  Saxton  and  other  old  machines.  But  at  each  joint  of  these 
semi-cylinders,  which  are  adjusted  on  the  axis  at  the  same 
angular  position  as  that  of  the  segments  they  belong  to,  a  space 
is  cut  away  equal  to  one-eighth  of  the  circumference  and 
filled  with  an  insulated  piece  of  metal  which  corresponds  to  a 
segment  which  is  cut  out  of  the  circuit  when  these  spaces  are 
under  the  collecting  brushes  and  the  corresponding  segment  is 
in  the  neutral  space. 

The  brushes  are  mounted  upon  a  rocking  frame  which  allows 
them  to  be  shifted  around  the  axis  to  bring  them  into  the 
neutral  point.  The  actual  break  of  circuit  involved  in  this 
machine,  as  also  its  high  E  M  F,  result  in  heavier  sparking 
than  in  the  other  machines.  The  brushes  are  divided  into  two 
pairs,  each  acting  upon  two  of  the  cylinders,  so  that  the  brushes 
can  be  connected  to  act  as  one  in  multiple  arc,  or  in  series 
according  to  the  actions  required. 

88v  The  Buroin  Machine. — This  is  noticeable  for  its  great 
simplicity  of  construction,  and  from  the  openness  of  its  structure 
allowing  free  circulation  of  air,  and  so  lowering  the  risks  of 
heating.  Its  field  system  is  that  of  Fig.  99,  but  made  of  cast 
iron  so  as  to  give  great  solidity,  and  allowing  the  pole-pieces 
to  project  a  little  so  as  to  give  partly  the  effect  of  Fig.  98.  A 
gun-metal  framework  attached  to  each  side  of  the  field  system 
carries  the  axis  of  the  armature. 

The  armature  consists  of  a  aeries  of  hexagonal  cores,  like 
Fig.  89  (3),  composed  of  iron  wire  wound  into  the  shape.  On 
this,  the  copper  wire  is  wound  so  as  to  form  a  distinct  electro- 
magnet of  each  segment  of  the  rings,  with  its  turns  increasing 
towards  the  middle  of  the  segment,  in  such  way  as  to  swell  out 
the  section  of  the  armature  to  that  of  an  irregular  ring,  exposing 
the  angles  of  the  bare  iron,  and  allowing  them  to  approach 
closely  to  the  corners  of  the  field  poles,  and  be  strongly 
magnetized.  The  ring  thus  formed  is  usually,  but  erroneouHly, 
described  as  a  Gramme  ring  of  only  six  sections ;  its  action 
in  entirely  different  from  that  of  the  Gramme,  for  it  consists  of 
the  making  the  two  segments  which  cross  the  ends  of  the  field 
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poles  into  pure  bar  electro-magnets,  just  as  in  the  Clarke  type. 
It  is  here  only  that  the  real  action  occurs,  and  the  intermediate 
sections  which  lie  in  the  hollow  of  each  field  pole,  contribute 
little  to  the  development  of  E  M  F. 

A  number  of  such  rings  are  fixed  on  the  axis  with  their 
comers  slightly  overlapping  each  other,  in  such  way  as  to 
concentrate  the  action  of  the  field  upon  each  of  them  sucoes- 
sively :  six,  and  even  ten  rings  have  been  used  together,  but 
the  number  is  reduced  in  the  later  forms,  and  better  effects 
obtained  with  four  rings  than  with  a  greater  number.  The 
wires  of  all  are  connected  in  series  to  a  commutator,  like  that 
of  the  Gramme.  The  arrangements  for  charging  the  field 
magnets  are  described  §  902. 

884.  The  Edison  Dynamo  machine  should  be  mentioned 
because  it  is  a  great  deal  used,  and  has  been  made  in  large 
sizes.  It  has,  however,  no  specific  principle :  its  armature  is 
to  all  intents  a  Siemens  armature,  §  874.  Its  features  consist 
in  good  mechanical  and  electrical  arrungement  of  the  parts: 
the  iron  cylinder  is  replaced  by  a  series  of  thin  iron  discs  which 
constitute  a  laminated  cyHnder,  in  which  currents  are  not  set 
up,  aind  which  can  allow  circnlation  of  air,  if  so  arranged :  the 
vdres  are  replaced  by  bars  of  metal  fixed  at  each  end  to  plates 
of  metal  which  connect  them  in  proper  order. 

The  field  magnets  are,  in  principle,  exactly  those  of  Fig.  loi, 
consisting  of  plain  horseshoes  with  wide  inclasping  pole- 
pieces  :  at  first  they  had  two  peculiarities,  the  use  of  oomfH>u]id 
arms  as  in  the  early  Gramme  machines,  and  the  great  length 
of  these.  This  latter  appears  to  have  been  adopted  in  a  true 
course  of  evolution  from  Mr.  Edison's  really  original  tuning-fork 
idea  of  a  machine.  They  were  wound  on  the  shunt  principle, 
with  a  wire  of  considerable  resistance  as  compared  with  the 
armature. 

Br,  Hophinson  has  recently  introduced  great  improvements  in 
the  construction,  principally  by  giving  up  these  special  features 
of  the  field  magnets,  increasing  their  mass,  and  reducing  the 
length  and  substituting  single  arms  for  the  multiple  ones,  as 
also  in  attaining  considerable  reduction  of  the  speed  of  rotation 
required  to  attain  the  same  result,  and  applying  the  compound 
shunt  and  series  system  to  the  charging  of  the  field  magnets,  in 
order  to  make  the  E  M  F  self-regulating. 

885.  The  Gordon  and  the  Ferranii^ThoiMon  machines  are  of 
the  alternating  type.  They  are  claimed  to  be  very  effective  for 
purposes  of  lighting,  but  will  probably  only  be  available  for 
mrge  installations,  and  their  description,  to  be  of  any  servioe, 
would  occupy  more  space  than  can  be  spared,  and  would  be 
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of  interest  only  to  those  who  can  readily  obtain  the  same  of 
a  more  complete  character  than  would  be  suitable  here. 

886.  Direct  and  Alternating  Machines, — The  earlier  ma- 
chines were  all  alternating  generators,  requiring  a  commutator 
to  convert  the  impulses  into  a  current  of  uniform  direction ;  in 
the  Alliance  machine  this  commutator  was  dispensed  with,  to 
great  advantage  in  economy,  §  831.  T^he  Paoinotti  type 
generates  direct  currents.  Later  machines  again,  such  as  the 
Ferranti-Thomson,  the  Gordon,  and  others,  produce  alternating 
currents.  It  is  a  question  which  system  gives  the  best  results, 
and  the  difference  deserves  consideration. 

Direct  currents  are  essential  in  electrolysis,  and  in  the  main- 
tenance of  magnetism  in  iron.  Therefore,  a  self-exciting 
d3mamo  must  give  a  direct  current. 

Commuiaiing  aUemate  currents  is  had  economy,  and  attended  with 
heavy  loss  of  current,  and  destruction  of  the  metal  by  sparks. 

887.  Alternating  current  machines  are  simpler  in  construction, 
and  more  easily  furnish  a  high  E  M  F. 

They  can  be  used  with  suitably  constructed  arc  lamps,  ia 
which  solenoids  are  used  to  control  the  motion  instead  of  electro- 
magnets. They  are  essential  for  the  *'  candle  "  lights,  in  which 
two  carbons  are  required  to  bum  equally,  so  that  special  ma- 
chines are  made  to  convert  the  direct  current  into  an  alter- 
nating one,  while  adding  to  its  force.  Incandescent  lamps 
have  a  longer  '*life"  with  alternating  currents,  as  there  is  a 
destructive  action  exerted  by  the  current,  resembling  electro- 
lysis, though  probably  of  the  same  order  as  the  results  obtained 
in  Crookes*s  "  expeiiments  on  the  fourth  state  of  matter." 

888.  But  alternating  currents  involve  inductive  resistances,  and 
wDl  therefore  be  more  difficult  to  insulate  and  distribute  ;  they 
cannot  excite  their  own  magnets;  they  cannot  work  any 
existing  motors,  and  it  is  doubtful  if  motors  without  iron  can 
be  made  to  work  economically. 

On  the  whole,  it  would  appear  that  for  local,  self-contained 
applications  for  lighting  purposes,  the  alternating  current  may 
be  the  best ;  but  for  general  use,  and  for  large  applications,  it  is 
retrograde  progress  to  employ  this  type  of  machine. 

889.  Field  Magnets. — For  the  sake  of  economy,  they  should  be 
constructed  as  to  size  and  wire,  so  that  they  shall  nearly  reach 
the  limit  of  sattiration  at  the  fullest  limit  of  work. 

For  steady  working  under  varying  conditions,  they  should  be  well 
within  the  limit  of  saturation. 

For  automatic  adjustment^  they  should  not  approach  that  limit 
even  at  full  work ;  they  should  still  be  in  conditions  which 
increase  magnetism  proportionately  to  current,  §  944. 
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The  l&ngth  for  a  given  weight  is  governed  by  the  same  lawa 
as  those  for  proportions  of  electro-magnets  §  939 :  long  magnets 
have  more  residuary  force,  but  length  is  a  disadvantage  when 
it  exceeds  the  limit  at  which  the  quantity  of  wire  to  be  used  is 
most  effective. 

The  pole-pieces  should  contain  one-quarter  of  the  iron  of  the 
magnet,  and  the  arms  should  be  rather  of  one  mass  than  divided 
into  several,  and  should  therefore  be  of  a  thin  and  broad  section, 
so  as  to  be  fully  influenced  by  the  coils,  rather  than  circular. 

The  toinding  of  the  wires  is  arranged  on  different  systems  to 
suit  special  requirements. 

890.  Separately  excited  machines  are  independent  of  any  variA-. 
tions  of  the  work  doing.  They  are  those  with  permanent  field 
magnets,  or  those  excited  by  a  separate  machine,  which  is 
necessary  when  the  machine  itself  is  one  for  alternating 
currents,  though  the  two  machines  are  in  some  cases  driven 
upon  one  axis.  The  Wilde  machine,  §  827,  is  of  this  type,  as 
also  are  the  Gramme  and  Lontin  systems  used  for  lighting. 

The  Ladd  machine,  §  Sjo,  and  the  early  Gramme  machines 
were  a  step  from  separately  excited  to  the  self-exciting  form, 
because  they  had  a  distinct  armature  to  feed  the  field,  but  it 
was  actuated  by  the  field  magnet  itself,  see  §  8^0. 

891.  Self-exciting  machines,  in  which  the  principle  of  accumula- 
tion, §  828,  is  fully  utilized,  are  of  several  different  orders  of  field 


Fig.  105. 


Fig.  106. 


Fig.  107. 


magnets.  They  &re  made  as  seriiis  and  shunt  machines,  and  as 
different  combinations  of  these.  Fig.  J05  shows  the  field 
magnet  separately  excited.  Fig.  106  the  series  circuit,  and 
Fig.  107  the  shunt  system. 
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(i)  Series  machines  are  those  in  which  the  current  passes  from 
the  +  collector  of  the  armature,  round  the  field  magnets,  to  the 
+  terminal,  the  —  terminal  being  connected  to  the  other 
collector.  Therefore,  the  current  passing  the  field  magnets 
depends  on  the  external  resistance.  The  effect  is  that  as  the 
conditions  for  current  in  the  work  increase,  so  the  field  is  more 
powerfully  charged  and  the  machine  gives  more  current  as  it  is 
called  for.  They  are  therefore  admirably  adapted  to  such  work 
as  electro-metallurgy,  for  a  machine  which  will  work  a  room 
full  of  vats  may  plate  a  single  spoon,  while  a  separately  excited 
machine  would  require  most  careful  control  by  adding  resis- 
tances in  such  a  case. 

On  the  other  hand,  a  series  machine  is  difficult  to  start  against 
a  large  resistance,  and  may  require  a  temporary  shunt  to  the 
work  in  order  to  charge  the  field  magnets.  They  are  also  liable 
to  reversal  of  polarity  by  counter  currents.  Several  devices  are 
employed  to  correct  these  tendencies:  thus  Weston  employed 
a  rotating  mercury  governor  by  which  the  outer  circuit  is  cut 
out  until  a  certain  fixed  velocity  of  rotation  is  attained,  when  it 
is  automatically  put  into  the  circuit.  Gramme  employed  an 
electro-magnet,  or  a  connection  held  up  by  the  field  pole  for  the 
same  object,  so  that  the  early  current  should  all  go  to  the  field 
until  a  sufficient  force  had  been  attained  to  secure  regular  work. 

(2)  Shunt  machines  divide  the  armature  current  between  the 
field  magnets  and  the  external  work  :  thus  at  the  -f~  collector 
two  circuits  start,  one  going  to  the  -f  terminal,  the  other  round 
the  field  magnets  to  the  —  collector  which  is  also  connected  to 
the  —  terminal.  This  controls  the  strength  of  the  field  as  re- 
quired, because  the  field  wire  and  the  armature  are  so  balanced 
in  resistance  that  with  open  circuit  only  curi-ent  enough  is 
generated  to  charge  the  field ;  the  work,  as  it  lowers  the 
external,  and  therefore  the  total  resistance,  allows  more  current 
to  be  generated  in  the  armature,  of  which  the  field  wire  gets  its 
increasing  proportion—  increasing,  that  is,  as  to  current  travers- 
ing the  field,  while  a  decreiusing  proportion  of  the  total  current, 
therefore  becoming  more  economical  as  the  machine  approaches 
its  full  work.  But  this  regulation,  while  automatic,  is  irregular, 
and  will  not  suit  applications  requiring  perfect  steadiness  at 
all  parts  of  the  work,  as  in  electric  lighting. 

(3)  Shunt  and  Series  machines  combine  the  two  systems,  as 
shown  in  Fig.  io8 ;  one  wire,  the  shunt,  is  as  just  described ;  the 
second,  the  circuit  wire,  instead  of  going  to  the  -j-  terminal 
direct,  is  first  taken  round  the  field  magnets,  as  well  as  the 
other  and  then  to  the  -f-  terminal,  so  that  at  all  times  the  whole 
of  the  armature  current  traverses  the    field    magnets ;   but  the 
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Fig.  108. 


proportion  of  it  in  the  two  wires,  and  the  total  current  produced, 
depend  upon  the  external  resistance. 

This  arrangement  has  been  employed  in  various  machines,  as 
in  the  Brush  machine,  where  a  long  fine  wire  was  wound  on  the 
iron  as  a  shunt  of  high  resistance,  and 
called  a  "teaser."  But  recently  it  is 
coming  into  more  definite  use  with  its 
relations  carefully  balanced  in  order  to 
secure  a  varying  field  force  which  will 
adjust  the  E  M  F  to  the  requirements  of 
a  varying  circuit.  It  is  thus  employed 
in  the  Crompton-Kapp  Burgin  compound 
dynamo  in  order  to  provide  a  fixed  current 
in  every  lamp  connected,  whether  only 
one  lamp  or  the  whole  system  is  at  work. 
M.  Deprez,  Messrs.  Ayrton  and  Perry, 
and  Mr.  Hopkinson  and  others  have  also 
used  this  and  various  combinations  of 
the  shunt,  series,  and  externally  exciting 
systems  in  order  to  obtain  the  results  de- 
scribed §  900. 

892.  Quality  of  Iron. — Armature  cores  should  be  made  of  the 
softest  wrought  iron,  though  good  malleable  castings  an> 
employed  in  some  cases :  the  greater  the  rapidity  of  the  changes 
which  occur,  the  more  essential  this  is,  as  any  tendency  to 
residual  magnetism  will  lower  the  efficiency.  For  field  magn^ 
different  conditions  exist :  in  them  residual  magnetism  is  esseHtial^ 
so  that  ordinary  cast  iron  may  be  used.  On  the  other  hand, 
E  M  F  depends  upon  the  "  magnetic  intensity  "  and  this  upon  the 
capacity  of  the  iron,  §  947.  This  varies  very  greatly  in  different 
irons,  being  greatest  in  the  purest  and  softest  wrought  iron. 
Both  theoretical  considerations  and  experimenial  results  indicate 
that  the  highest  effect  will  be  obtained  from  soft  iron  cores  to 
take  up  magnetism  from  the  current,  good  malleable  castings 
for  the  pole-pieces,  and  massive  connecting  pieces  of  hard  cast  iron 
to  serve  as  reservoirs  of  magnetism :  in  some  cases  steel  plates 
have  been  combined  with  soft  iron  for  this  purpose  of  maintain- 
ing residuary  magnetism  when  the  machine  is  not  running. 

89^.  Effect  OP  Dimensions. — Many  attempts  have  been  made 
to  produce  small  dynamo-machines,  but  none  are  satisfactory. 
Machines  were  made  by  Ladd,  §  830,  to  be  worked  by  hand,  but 
they  could  not  be  called  small  machines,  and  my  expeiiments 
showed  that  they  only  utilized  one- tenth  of  the  power  expended ; 
it  is  said  that  some  machines  have  utilized  one-third  :  but  good 
dynamo  machines  return  80  and  some  claim  90  per  cent,  return. 
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Those  who  wish  to  possess  small  machines  to  substitute  for 
batteries  will  do  well  to  confine  themselves  to  the  magneto  type 
with  a  powerful  steel  field  system.  Such  are  easily  made  on  the 
Gramme  type  with  oast-iron  pole-pieces  fitted  with  Jamin's 
magnets,  say  i8  inches  high  ;  these  are  made  of  successive  layers 
of  hoop  steel  properly  let  into  and  riveted  to  the  pole-pieces, 
and  generate  a  powerJTul  field.     See  also  §  910. 

It  has  been  calculated  mathematically  that  the  power  of 
dynamo  machines  will  increase  as  the  fifth  power  of  the  linear 
dimensions  (that  is  any  measure,  such  as  height,  which  is  equally 
altered  in  every  other,  so  as  to  make  the  smaller  a  true  model  of 
the  larger).  The  weight  of  materials  used  would  only  increase 
as  the  cube,  that  is  the  third  power,  so  that  increased  size  would 
be  a  very  great  and  growing  advantage,  especiedly  as  cost  of  oon- 
stiiiction  would  not  increase  so  much  as  the  weight ;  this  law, 
if  true,  would  explain  why  small  machines  cannot  be  made 
efficient.  But  the  result  is  doubtful ;  large  masses  of  iron  do 
not  magnetize  so  well  as  smaller  ones,  and  if  the  maenetism 
were  equally  intense  the  power  of  the  magnet  would  only 
increase  as  the  weight,  or  as  the  third  power,  in  which  case  a 
machine  of  doubled  weight  would  only  do  the  same  work  as 
two  machines  of  half  its  weight. 

M.  Deprez  has  compared  two  apparatus,  alike,  but  one  of 
doubled  linear  dimensions,  in  which  the  weight  was  eightfold 
(that  is  d^)  and  the  force  sixteenfold  (that  is  d^).  These  were 
without  iron :  when  iron  was  used  in  the  armature  the  force  was 
only  fifteenfold,  due  no  doubt  to  the  cause  just  mentioned 
as  to  iron.  This  would  indicate  that  though  there  is  a  gain  of 
power  beyond  the  increase  in  weight,  yet  it  is  a  gain  not  so  great 
as  the  fifth  power,  and  probably  varying  with  increased  dimen* 
sions  in  some  ratio  yet  to  be  ascertained. 

894.  Relation  of  Speed. — In  the  simple  magneto  or  separately 
excited  machine  the  E  M  F  is  proportional  to  speed,  so  that  with 
a  constant  for  each  machine,  ''  speed  "  would  replace  £  in  Ohm's 
formula.  In  self-excited  machines  EMF  grows  at  a  much 
greater  rate  than  the  speed. 

But  speed  is  of  necessity  limited,  and  it  is  much  more  con- 
venient to  work  at  a  fixed  speed ;  it  is  also  proved  that  every 
individual  machine  has  its  specific  speed  at  which  it  does  its 
best  work,  and  at  which,  according  to  M.  Deprez,  the  EMF 
will  be  proportional  to  the  current  in  the  field  magnets,  pro- 
vided of  course  that  the  range  is  well  within  the  limit  of 
saturation. 

895.  The  E  M  F  of  Dynamos. — The  first  essential  for  success 
in  electric  lighting  is  absolute  steadiness,    (i)  There  must  be  no 
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fluctnation  in  the  light  itself:  this  means  uniform  E  M  P,  and 
necessitates  perfect  steadiness  of  motion  in  the  driving  engine,  to 
attain  which  the  engine  ought  to  have  a  large  margin  of  power 
so  as  not  to  be  near  its  limit  of  work ;  it  should  have  a  heavy 
fly-wheel,  and  a  fly-wheel  should  be  attached  to  the  axis  of  the 
dynamo  itself.  (2)  The  available  current  should  not  be  either 
increased  or  reduced  by  the  sudden  turning  on  or  off  of  other 
lights ;  this  means  that  there  should  be  maintained  a  constant 
E  M  F  at  the  terminals  of  each  lamp.  This  requirement  has 
modified  the  aims  of  machine  designers,  because  it  involves 
more  complex  considerations  than  the  mere  generation  of  a 
defined  E  M  P,  which  was  all  that  was  at  first  aimed  at,  that  is, 
to  make  the  dynamo  represent  and  replace  so  many  batteiy 
cells. 

895.  RelcUiona  of  Interned  and  External  Besistance. — As  in  bat- 
teries, there  is  a  law  connecting  these  to  useful  work.  Economy 
means  that  the  greater  part  of  the  resistance  should  be  external, 
and  that  it  should  be  of  the  nature  of  work,  §  454*  The  laws  of 
distribution  of  potential,  §  401,  show  that  only  the  B  M  F  which 
is  expended  in  this  "work  resistance"  is  of  use;  the  rest  is 
expended  in  driving  the  energy  to  the  point  of  application. 
Therefore  we  have  to  consider  four  distinct  divisions  of  the 
E  M  F  set  up  in  the  dynamo,  each  of  which,  multiplied  by  its 
own  current,  gives  the  relative  energies. 

(i)  The  E  M  F  at  the  terminals  of  the  working  apparatus,  say 
the  electrodes  of  a  plating  vat,  or  the  connections  to  lamps :  this 
is  the  energy  utilized, 

(2)  The  E  M  F  at  the  terminals  of  the  dynamo,  which  includes 
the  first,  and  also  that  expended  in  the  conductors.  The  differ- 
ence of  2  —  I  is  the  expenditure  in  transmission. 

(3)  The  E  M  F  in  the  field  magnets,  expended  in  maintaining 
the  force  of  the  field. 

(4)  The  E  M  F  at  the  brushes,  that  generated  by  the  armature, 
of  which  the  others  are  portions.  The  energy  expended  in  the 
armature  itself  is  given  by  C*  x  R. 

8  97 .  Varying  external  work  alters  the  relations  of  these  divisions. 
In  a  separately-  excited  machine  the  E  M  F  is  as  the  speed ;  that 
is  to  say,  a  constant  speed  gives  a  constant  E  M  F,  under  all 
variations  of  external  work ;  but  this  is  a  total  E  M  F,  like 
that  of  a  battery,  and  varying  External  work  will  alter  the 
current. 

Take  as  example  an  electrotype  cell,  intended  to  work  up  to 
^o  square  feet  of  surface,  with  a  solution  giving  resistance  of 
naif  an  ohm  per  foot,  and  requiring  a  current  of  10  amperes  per 
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foot.  The  full  E  of  the  vat  would  be  •  5  -r  50  =  'Oi  ohm  and 
by  the  usual  law  of  equal  internal  and  external  resistance,  the 
machine  should  have  also  R  =  -01,  being  a  total  of  '02.  The 
current  being  50  x  10  =  500  amperes,  we  have  as  EMF  500  X 
•02  =  10  volts,  required  to  be  generated  in  the  armature.  Now 
if  this  is  a  magneto  machine,  or  a  battery,  what  happens  when  the 
work  is  reduced  to  i  plate  ?  We  have  then  R=*oi  +  '5  =  '5i 
and  10-7-  •5i  =  i9'6  amperes  instead  of  the  required  10,  so  that 
unless  a  controlling  resistance  were  interposed  the  work  would 
be  injured. 

898.  The  effect  is  even  more  serious  with  incandescent  lights, 
which  scarcely  admit  of  control  except  at  the  engine  room.  Let 
us  assume,  for  convenience  of  figures,  the  full  work  as  100  lamps 
in  multiple  arc,  each  100  ohms  E,  and  requiring  i  ampere  per 
lamp  to  work  them :  this  is  E  =  i '  ;  and  with  the  dynamo  i  •  we 
have  2  ohms  E,  and  a  current  100  amperes,  requiring  EMF  200 
volts.  When  all  but  i  are  turned  off  we  have  R=i  +  ioo=ioi 
and  200  -4-  10 1  =  2  amperes  instead  of  i.  But  as  the  heat  is  as 
C^  we  should  now  heat  that  carbon  thread  to  four  times  its 
intended  temperature  and  probably  destroy  it ;  if  light  is  as 
C*  the  lamp  would  suddenly  rise  from  20  candles  to  160. 

899.  Constant  current  is  required  in  some  cases,  as  when  lights 
are  placed  in  aeries :  here  therefore  the  current  would  rise  in  the 
circuit,  as  the  resistance  of  one  or  more  was  removed,  unless  an 
equal  resistance  were  interposed  in  its  place :  but  this  (which 
was  proposed  and  patented  several  times  as  a  means  of  regula- 
tion) would  involve  equal  expenditure  of  energy  whether  the 
current  were  doing  useful  work  or  not :  the  lamp  would  cost  the 
same  whether  giving  light  or  turned  out. 

900.  Constant  EM  F  at  the  terminals  of  the  wm%  §  896,  is  there- 
fore the  desideratum,  not  constant  EMF  generated  by  the 
machine  in  the  armature  ring.  With  lamps  in  series,  this  means 
a  constant  current  generated  at  the  terminals  of  the  machine 
irrespective  of  changes  of  resistance :  with  lamps  in  multiple 
arc,  it  means  a  current  variable  inversely  as  the  external  resistance^ 
or  as  the  conducting  capacity,  i.  e.  as  the  number  of  lamps  open- 
ing paths  of  conduction. 

Both  require  variable  EMF  generated  in  the  armature. 
Now  E  M  F  is  changed  by 

(i)  Variation  of  speed. 

(2)  Varying  the  strength  of  the  field. 

(5)  Altering  the  number  of  turns  of  wire  in  the  armature. 

The  second  is  the  practicable  mode.  It  may  be  effected  in 
magneto  machines  by  arranging  an  iron  armature  to  slide  over 

Digitized  by  VjOOQIC 


510  BLKOTEO-HAONSTISir.  [9^1  • 

the  arms  along  the  length ;  or  made  to  either  move  aoross  the 
field,  or  to  approach  or  recede :  all  these  mean  short  circuiting  or 
shunting  the  field  poles,  which  is  wasting  power :  hut  these  plans 
have  been  used  in  large  machines,  or  at  all  events  proposed, 
and  medical  magneto  machinecj  are  commonly  fitted  with  a 
movable  armature  for  this  very  purpose. 

901.  Magnetic  force  varies  in  electro-magnets  according  to  two 
ratios:  (i)  as  the  number  of  turns  of  wire;  (2)  as  the  current 
passing.  We  may  put  the  two  ratios  together  and  say  it  varies 
as  th$  currentntums ;  or  carrying  out  the  regular  evolution  of 
technical  terms,  we  may  say :  In  a  given  magnetic  system  the  force 
vaaries  as  the  ampere-turns.     Bee  §  942. 

The  number  of  turns  cannot  be  conveniently  varied,  but 
the  current  passing  in  them  can  be  altered  in  several  ways,  and 
so  the  **  ampere-iums "  will,  by  this  variation,  modify  the 
strength  of  the  field,  and  the  E  M  F  generated. 

In  separately  excited  machines,  this  is  effected  by  altering 
the  current  from  the  exciter,  which  is  effected  by  means  of 
variable  resistances  interposed  by  an  attendant  or  automatically. 
But  it  is  best  effected  by  combining  the  shunt  and  series  system 
of  winding,  §  691  (3).  This  plan  has  been  used  by  several 
makers  of  machines;  but  I  will  explain  it  by  the  machine 
patented  by  MeH[?rs.  Crompton  and  Eapp. 

902.  Crompton-Bctrgin  Compound. — The  following  extract  from 
the  specification  will  explain  the  principle  and  construction. 

"One  method  of  caxrying  out  this  compound  winding  is  to  take  a  machine 
having  an  armatare  resistance  of  say  o*  i  ohm  and  wind  on  its  field  magnets,  next 
to  the  core,  sufficient  No.  5  B.W.G.  wire  to  give  a  resistance  equal  to  that  of  the 
armature,  and  couple  the  same  in  series  circuit  with  the  armature.  [This  is  the 
series  circuit  in  which  the  external  work  is  included,  §  891  (1)  .]  Outside  these 
coils  we  wind  on  sufficient  '057  inch  wire  to  give  a  resistance  of  from  3o  to 
30  ohms  ;  we  couple  this  from  brush  to  brush  [this  is  the  shunt  circuit  §  891  (2)  ]. 
Such  an  armature  we  prefer  to  drive  at  such  speed  that  the  EM  F,  when  the 
R  of  the  outer  circuit  is  infinite  (that  is,  open)  will  be  abont  65  volts.  It  will 
be  fotmd  that  if  the  external  circuit  be  now  closed  through  resistances  varying 
from  infinity  down  to  0*75  ohm,  so  that  the  current  varies  from  2  amperes  up  to 
80  amperes,  the  electromotive  force  between  terminals  will  remain  nearly  con- 
stant at  65  volts.  Moreover  that  the  magnet  charge  or  extra  current  of  the 
short  length  of  low  resistance  coils  will  be  so  small,  that  40  or  50  lamps  may  be 
switched  simultaneously  out  of  the  main  circuit,  without  producing  any  momen- 
tarily hurtful  increase  of  current  in  one  lamp  left  in  circuit.*' 

903.  Batios  of  RfcSiSTANCES. — The  relative  proportions  of 
external  resistance  to  that  of  the  field  magnets  and  armatures 
have  been  greatly  varied  as  the  subject  has  been  studied. 
According  to  the  formulee  of  Sir  W.  I'homson,  in  the  British 
Association  Beport  1881,  the  resistance  of  the  field   magnets 
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shoald  be  a  little  less  than  that  of  the  armature  in  the  case 
of  series  dynamos.    For  shunt  machines  the  formula  is 


R=  VFx  AandP  =  R«-f-A 

li  is  the  resistcuioe  of  the  external  circuit. 

F  „  „     field  magnets  or  shunt. 

A  „  „     armature. 

In  the  early  machines  of  the  Gramme  type,  the  fteld  magnets 
had  about  seven  times  the  resistanoe  of  the  magnetising,  or  the 
working  coils  which  were  nearly  alike. 

The  actual  resistances  will  vary  with  the  conditions  and  with 
the  quality  of  iron  and  form  of  the  magnets,  and  the  effect  of 
small  variations  is  studied  by  means  of  the  characteristic  curves 
showing  the  actual  working  of  any  particular  machine. 

904.  Chaeactbbistic  CaRVis.  —  These,  first  employed  and 
named  by  If.  Deprez,  fulfil  for  dynamo  machines  the  same 
purpose  as  the  indicator  diagrams  do  for  steam  engines.  They 
indicate  the  most  advantagt'ous  speed  at  which  a  particular 
machine  should  be  run ;  they  aJso  show  whether  the  armature 
and  field  magnels  are  suitably  proportioned,  and  adequately 
wound  with  wire. 

Taking  the  simplest  form  of  a  separately  excited  machine, 
with  a  definite  current  sent  into  the  field  magnets,  the  current 
produced  at  different  speeds  in  a  fixed  resistance  is  measured : 
the  speeds  beine  set  off  on  a  vertical  scale,  and  the  cuiTent  on  a 
horizontal  one,  lines  from  these  give  a  series  of  points  through 
which  a  line  can  be  drawn,  which  will  be  a  curve  corresponding 
to  those  described  §  944,  and  due  to  similar  causes ;  it  represents 
in  fact  the  EMF  generated  at  the  different  speeds.  Each 
different  current  sent  into  the  field  magnets  will  produce  a 
different  curve,  as  this  varies  one  of  the  causes  of  the  EMF, 
§900(2). 

Again,  driving  at  a  fixed  speed,  but  varying  the  field 
current,  which  will  then  be  the  element  of  the  vertical  scale, 
a  similar  curve  will  be  obtained,  different  for  each  speed.  But 
having  obtained  a  curve  corresponding  to  one  speed,  the  curves 
of  other  speeds  can  be  constructed  from  it  by  modifying  the 
ordinates  that  form  the  curve  in  the  ratio  of  the  two  velocities, 
as  shown  in  the  dotted  curve  of  Fig.  109.  The  effect  of  a  change 
in  the  wire  of  the  field  magnets  may  also  be  ascertained  in  a 
similar  way,  varying  the  ordinates  in  the  ratio  of  the  number 
of  turns  of  wire,  providing  the  wire  in  each  case  occupies  the 
same  position  and  space  upon  the  magnet. 
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905.  Such  a  characteristic  curve  is  shown  Fig.  109  with 
illustrations  of  the  uses  which  can  be  made  of  it. 

The  curve  O  C  E  is  that  of  a  uniform  velocity,  derived  from 
the  line  0  V  which  is  that  of  field  magnet  currents,  velocity,  or 
E  M  F  as  the  case  may  be,  and  0  A  the  line  of  current  generated, 

Fio.  IOO.—Charaotkristic  Curves. 


both  in  equal  parts.  It  will  be  seen  that  the  curve  rises  until 
the  field  magnet  is  saturated,  when  there  is  no  further  rise  of 
E  M  F,  so  that  this  curve  depends  upon  the  quality  of  iron  in 
the  field  magnets,  and  in  the  armature. 

906.  The  resistance  correspondip  2;  to  any  current  may  be 
calculated  from  this  curve.  Kaise  the  line  RD  at  any  part  of 
the  line  O  A,  then  the  length  0  R  will  give  the  space  corre- 
sponding to  I  ohm,  provided  the  line  0  V  is  divided  in  volts 
upon  a  scale  equal  to  that  of  amperes  on  0  A,  because  from  the 
relations  between  E  M  F  and  current  in  Ohm's  forraulce,  R  is 
represented  by  the  tangent  of  the  angle  formed  at  O  by  the  line 
drawn  from  the  point  of  the  curve  cori'esponding  to  any  current. 
Thus  if  0  R  measures  i  ampere,  and  R  C  i  volt  of  E  M  F,  the 
line  01  cuts  RD  at  C,  which  being  equal  in  length  to  OR  is 
I  ohm  upon  the  scale  of  R  D,  which  is  shown  for  convenience 
upon  the  same  scale  as  the  lines  of  E  M  F  and  current. 

If  the  resistance  be  extended  so  far  that  the  line  from  it  to 
O  passes  altogether  outside  of  the  commencement  of  the  curve, 
we  ha^s^  the  limit  at  which  a  serxes  machine  vidll  fail  to 
generate  current,  §  891  (i),  as  shown  by  0  D. 

90-;^.  The  proper  c/iaradm«/tc  for  a  machine  to  give  the  resuUs 
described  §§  899  and  902  would  be,  not  a  curve,  but  a  straight 
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horizontal  line  for  the  external  circuit :  Fig.  i  lO  gives  the  curves 
of  a  Crompton-Biirgin  compound  machine  of  the  D5  type. 

FfG.   110.— CffARACTERISTfOS  OF  COMPOUND  Bl^niV. 


This  figure  shows  the  E  M  F  in  the  dififerent  divisions  of 
the  circuit :  but  the  E  M  F  under  90  volts  is  omitted,  and  the 
current  is  on  a  scale  double  that  of  E  M  F. 

(2)  The  resistances  are,  while  hot,  armature,  •  205  ;  series 
field  circuit,  '148;  shunt  field  circuit,  34*24;  and  external 
circuit,  ascertainable  by  E  -4-  C  or  say,  with  10  amperes  current 
10 '5  and  with  80  amperes  i'i6  ohms.  The  following  com- 
parison will  show  the  distribution  under  those  conditions. 


In  exttrnal 
work. 

Armature. 

Field  Magnet 

TotoL 

Percent, 
naediu 
work. 

Series. 

Shnnt. 

Current,        1 
Amperes        / 

10' 

8o« 

n-ir 

83-05 

10' 

So- 

311 
3-05 

1432- 

I0II2' 

:: 

Energy,        \ 
Joula*is        / 

1050' 
7424- 

85- 
1414* 

947- 

33^- 
319- 

73*3 
73-5 

Of  course  there  is  also  a  loss  by  the  friction  of  the  machine, 
the  figures  relating  only  to  the  actual  electric  energy  generated 
and  expended,  and  comparable  with  batteries,  which  would 
give  a  useful  work  of  50  per  cent,  instead  of  73 '  5,  the  rest  being 
lost  in  internal  resistance,  while  this  dynamo  would  give  about 
63,  allowing  about  10  per  cent,  for  the  mechanical  friction, 
which  is  the  average  in  practice. 

(3)  The  efficiency  of  a  dynamo  machine  is  often  reckoned 
from  its  capacity  as  a  converter  of  mechanical  energy  into 
electrical,  that  is  by  the  formula  C*  x  E.    But  the  electric 
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energy  expended  within  the  machine  is  as  much  waste  as  the 
mechanioal  friction. 

The  trtie  effidency  is  represented  by  the  ratio  of  the  energy  in  ike 
eoctemal  circuit,  to  the  mechanical  energy  expended  in  driving ; 
that  is,  it  is  related  to  the  carve  T,  not  to  the  curve  A,  Fie.  no, 
which  represents  the  total  conversion.  If  we  call  the  horse- 
power employed  in  driving,  100,  then  we  shall  generally  have 
about  10  to  1 3  per  cent,  absorbed  in  friction  and  local  currents 
which  would  reduce  the  efficiency  of  the  particular  Biirgin,  as 
stated  above,  to  63  per  cent.,  while  the  various  tests  made  at 
public  trials  show  that  this  true  efficiency  as  developed  in 
dififerent  machines  actually  ranges  down  to  30  per  cent.  only. 
The  efficiency  is  greatest  in  large  machines,  and  when  the 
machine  is  used  under  the  conditions  for  which  it  is  designed ; 
so  that  mere  figures  of  comparison  under  fixed  circumstanoes 
are  apt  to  mislead. 

908.  ELEcrBO-MAGNETiG  ENGINES. — The  earliest  and  simplest 
form  of  electi-o-motor  is  the  rotating  mercury  break  which  was 
used  for  induction  coils.  Between  the  arms  of  a  horseshoe 
permanent  magnet  is  a  wooden  block  on  the  face  of  which  is  a 
circular  groove,  divided  by  two  thin  plates  of  ivory  opposite 
the  poles,  into  halves  which  are  connected  by  wires  to  the 
terminals ;  in  the  middle  is  a  tube  in  which  a  steel  pin  can  be 
placed,  on  the  upper  end  of  which  is  fixed  a  bar  electro-magnet, 
so  as  to  allow  it  to  rotate  between  the  magnet  poles ;  the  ends 
of  its  wires  descend  so  as  to  just  clear  the  ivory  slips,  and  dip 
into  mercury  contained  in  the  groove  which  rises  above  the 
level  of  the  divisions :  therefore,  the  magnet  reverses  its  polarity 
as  it  passes  the  pole,  is  then  repelled  till  the  attraction  of  the 
other  pole  comes  into  play  (or  more  truly  the  bar  travels  along 
the  lines  of  the  electric  field  between  the  poles),  and  so  a  con- 
tinuous rotation  is'  produced :  more  power  would  be  generated 
by  a  second  magnet  at  right  angles,  and  also  by  increasing  the 
number  of  electro-magnets.  We  have  in  fact  here  the  very 
stages  by  which  the  earlier  forms  of  magnetic  engines  were 
developed. 

Then  we  have  an  iron  armature  on  a  lever  playing  between 
two  electro-magnets  alternately  excited,  or  an  electro**magnet 
similarly  placed  and  alternately  reversed,  and  this  oscillating 
motion  transformed  into  rotary  motion,  as  in  the  steam  engine, 
by  a  crank  operated  by  a  prolongation  of  the  lever.  Another 
system  was  based  upon  an  iron  bar  attached  to  the  lever,  but 
plunging  into  a  coil.  But  all  these  forms  utilize  but  a  small 
part  of  the  energy  expended,  mainly  because  the  aotion  is 
efifected  at  too  great  distance. 
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909.  Good  dynamo  machine$  make  the  best  motorSy  but  though 
they  are  thus  reciprocally  convertible,  it  does  not  follow  that 
the  best  generator  will  be  the  best  motor :  on  the  contrary, 
there  are  functional  differences  which  require  to  be  met  in 
different  ways,  and  particularly  in  the  proportioning  of  the 
parts,  and  the  relation  of  the  field  and  armature  systems;  in 
the  dynamo,  the  magnetism  of  the  armature  is  a  result  of  the 
field,  but  in  the  motor  it  has  its  own  independent  existence. 
Therefore,  it  is  advisable  to  so  adjust  the  wires  of  field  and 
armature  as  to  make  the  two  fields  of  equal  intensity,  and  to  so 
arrange  the  poles  generated  (whose  position  depends  upon  that 
of  the  commutator  brushes),  as  to  cause  the  action  to  result 
mainly  from  t&e  attractions  set  up  by  the  approaching  poles,  and 
not  from  the  repulsion  between  similar  poles,  because  these 
latter  tend  to  xeduce  each  other's  strength,  while  the  others 
assist  each  other. 

Motors  should  have  the  moving  parts  light,  so  that  they  may 
rotate  rapidly,  which  is  a  prime  condition  of  efficiency,  and 
there  being  less  momentum,  they  start  and  stop  easily. 

910.  Motors,  like  dynamos,  and  in  fact  all  engines,  are  of  two 
types,  distinguished  by  the  production  of  alternating  and 
continuous  currents  in  the  armature.  It  is  evident  that  an 
alternating  action,  in  electricity  as  in  mechanics,  must  involve 
a  greater  loss  of  energy  than  a  continuous  one ;  but  this  does 
not  settle  the  question  of  final  utility,  for  in  the  steam  engine 
it  is  found  better  to  employ  the  alternating  process,  rather  than 
the  rotary  engines.  At  present,  it  appears  that  for  small 
motors  and  light  work,  alternating  current  machines  can  be 
most  usefully  employed  and  permanent  field  magnets  used ; 
while  electro-magnets  and  continuous  current  armatures  are 
most  economical  and  best  suited  to  large  machines. 

911.  Alternating  current  motors  are  all  based  upon  Siemens' 
core,  in  fact  they  are  nothing  but  small  Siemens  machines, 
as  stated  §  86<. 

(i)  Deprez  nas  a  remarkable  divergence  from  the  ordinary 
plans,  in  that  he  places  the  armature  not  in  the  interpolar  space 
where  a  concentrated  field  is  produced,  but  lengthwiee  between  the 
arms  of  the  magnet,  which  is  a  permanent  one.  It  is  true  that  the 
magnetic  lines  do  cross  the  space  between  the  arms  to  some 
extent,  as  Fig.  32,  p.  94,  shows:  it  is  also  true  that  the  presence 
of  the  armature  would  tend  to  draw  the  lines  into  this  space,  and 
prevent  the  extension  of  the  magnetic  force  towards  the  poles : 
but  this  would  tend  to  a  strong  molecular  disturbance  in  the 
magnet  at  each  semi-rotation  of  the  armature,  and  it  would 
seem  better  to  use  the  normal  field  formed  at  the  ends. 
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(2)  Ladd  and  ako  Brouming  prefer  to  make  the  field  magnet 
circular,  so  as  to  reskt  the  formation  of  the  crofls  lines,  and  gi^e 
length  to  the  magnet,  the  field  space  being,  in  fact,  a  circular 
opening  in  this  circle. 

(3)  TrouvS's  motor  is  simply  a  Siemens  machine  with  electro 
field  magnet,  and  the  armature  ends  elliptic  instead  of  circular. 

(4^  Qriscom\  which  is  made  so  small  as  2  lbs.  in  weight, 
is  tne  same  as  Trouv^'s,  but  the  field  magnet  incloses  the 
armature. 

912.  ConHnwms  current  motors  are  derived  from  any  of  the 
dynamo  machines,  and  it  appears  that  the  Gramme  ring  is 
best  adapted  to  the  purpose. 

(i)  Ayrton  and  Perry's  motor  is  reaUy  an  inverted  Gramme 
machine,  with  the  armature  ring  made  stationary,  and  modified 
in  construction  to  resemble  the  armature  described  in  my  own 
patent  of  November  1878,  which  is  indeed  the  Facinotti  ring 
constructed  of  disks  of  sheet  iron  instead  of  solid  metal,  while 
their  field  magnet  in  the  interior  is  a  Siemens  core.  The  object 
of  making  the  armature  fixed  is  explained  in  §  909 ;  as  the 
magnetism  is  travelling,  it  is  not  so  strong  proportionally  as  that 
of  the  field  system,  in  which  no  changes  occur :  to  compensate 
for  this  it  is  made  more  massive. 

(2)  De  MerUens*  motor  is  an  armature  closely  resembling  that 
of  Ayrton  and  Ferry,  but  is  movable  as  in  me  usual  dynamo 
machines ;  in  fact  it  is  simply  a  small  dynamo  of  which  not  only 
the  armature  but  also  uie  field  magnet  is  described  in  the 
patent  just  mentioned.  It  is  a  circular  electro-magnet  inclosing 
the  armature,  and  forming  two  poles  just  as  in  the  latest  forms 
of  the  Griscom  motor.  Beally,  these  two  differ  in  principle  in 
the  fact  that  in  one  the  Facinotti  armature  is  used,  and  in  the 
other,  the  old  Siemens  core ;  so  that  one  is  a  continuous  action, 
while  the  other  is  alternating. 

913.  Where  two  dynamo  machines  A,  B,  are  placed  in  circTut 
together,  with  a  galvanometer  to  manifest  the  actions,  when 
A  is  rotated  it  generates  a  current  which  passes  into  B ;  if  this 
is  prevented  from  moving,  the  galvanometer  will  show  a 
current  due  to  the  EMF  corresponding  to  the  speed  of  A, 
while  B  plays  the  part  of  a  simple  resistance. 

If  B  is  also  rotated,  and  the  connections  are  such  as  to  oppose 
the  two  machines,  we  may  have  no  current  at  all,  and  the 
machines  will  require  no  more  power  to  drive  them  than 
correRDonds  to  the  mechan'cal  friction. 

If  B  is  left  free  it  will  rotate  itself  as  a  motor,  and  the  galva- 
nometer will  show  a  current  less  than  that  produced  when  B 
was  not  in  motion :  the  reason  is  that  the  motion  of  B,  however 
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produced,  generates  an  E  M  F  which,  when  produced  by  the 
current,  is  an  opposing  E  M  F,  corresponding  to  the  counter 
E  M  F  set  up  in  a  voltameter. 

914.  Hie  efficiency  of  motors  may  be  ascertained  by  the  — 
EMF  they  generate.  Thus  current  being  passed  while  the 
machine  is  at  rest  and  its  value  noted,  the  efficiency  will  be 
related  to  the  reduction  of  current  when  the  machine  is  allowed 
to  run  free,  doing  no  work,  for  if  the  machine  were  perfect  it 
would  generate  a  velocity  closely  approaching  that  which 
would  generate  an  E  M  F  equal  to  that  producing  the  current  : 
this  being  of  course  impossible,  any  current  actually  passing 
measures  that  expended  by  the  machine  in  internal  work. 

The  essential  oousideration  as  to  the  value  of  a  motor  is  its 
effidency^  that  is  its  return  expressed  as 


EB^rgyprodnog  ^  jj^.i 
Energy  supplied  '' 


H.P. 


C  xExJ 


_  (percentage 
""  ^returned. 


The  energy  supplied  being  measured  by  the  current  used  in 
driving,  §  330,  partly  lost  in  heat  in  the  wire  and  iron,  partly 
in  ordinary  mechanical  friction;  the  energy  produced  being 
measured  by  the  weight  lifted,  or  by  a  dynamometer. 

915.  The  next  consideration  is  the  relation  between  efficiency 
and  the  cost  or  convenience  of  the  machine,  as  related  to  its 
size  or  weight.  It  follows  that  the  efficiency  of  motors  with 
steel  permanent  field-magnets  should  be  higher  than  those  with 
electro-magnets,  but  that  as  to  the  second  consideration  the 
electro-magnet  has  the  advantage. 

9 1 6,  Profs.  Ayrton  and  Perry  give  the  efficiency  of  various 
motors  as  follows : — 


Motor. 
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The  figures  do  not  relate  to  the  cost  of  putting  the  energy  inio 
the  motors.  It  may  be  generally  taken  that  this  is  equal  to  that 
expended  in  the  motor  itself,  so  that  the  actual  return  for 
energy  expended  would  be  about  half  these  values. 

These  figures  show  the  increasing  efficiency  of  the  larger 
machines,  and  the  advantage  of  high  speed. 

917.  The  direction  of  rotation  of  the  axis  depends  on  the  position 
occupied  by  the  armature  poles  as  compared  with  those  of  the 
field.  Therefore  a  dynamo  machine  used  as  motor  would  not 
reverse  its  direction  upon  reversal  of  the  current,  because  both 
sets  of  poles  would  be  reversed :  reversed  motion  is  produced  by 
the  reversal  of  the  current  in  the  armature  or  field  alone ; 
usually  the  armature,  which  is  intended  to  undergo  changes  of 
magnetism. 

The  position  of  the  commutator  contacts  in  motors  is  different 
from  that  of  generators,  being  either  on  the  central  line,  or 
with  a  backward  "  lead,"  because  the  pole,  being  generated  by 
current  delivered  at  the  contact,  attains  its  maximum  a  little  in 
advance  of  this  point. 

918.  Motors  should  always  be  worked  on  the  muUiple  are 
system,  so  that  there  should  be  no  mutual  interference,  but  all 
being  supplied  and  adapted  to  a  constant  E  M  F,  each  will  cloae 
its  own  circuit,  and  call  forth  the  required  current  from  the 
generator,  as  described  §  900. 

919.  Cost  of  Working.— The  utility  of  a  machine,  and  the 
possibility  of  its  employment  (where  conditions  of  convenience 
do  not  override  all  others),  depend  upon  the  coat  of  a  unit 
of  energy  delivered  by  it,  and  this  is  based  upon  ( i )  the  cost  of  the 
source  of  energy ;  (2)  the  efficiency  of  the  conversion.  Now  the 
oxidatibn  of  i  lb.  of  coal  gives  the  same  energy  as  that  of  about 
7  lbs.  of  zinc,  which  costs  some  twenty-four  times  as  much  per 
pound,  80  that  the  energy  of  the  source  is  in  one  case  150  times 
as  costly  as  the  other,  and  no  amount  of  efficiency  can  make  the 
cost  of  energy  produced  comparable  in  cost.  For  this  reason  U 
is  quite  impossible  for  any  electro-motor  to  he  worked  with  a  battery 
except  at  enormous  cost,  as  long  as  the  battery  product  is 
valueless. 

Thus  Joule  calculates  that,  under  the  most  favourable  circum- 
stances, an  electro-magnetic  engine  would  consume  75  lbs.  of  zinc 
in  a  Danieirs  battery  to  maintain  i  horse-power  for  24  hours. 
Now  Table  V.,  p.  119,  shows  20  equivalents  per  lb.  of  zinc, 
and  the  Daniell's  force  is  1*079,  therefore  75  X  201  x  1*079  = 
16,266  eqtii  volts;  a  horse-power  for  24  hours  is  10,168  equi  volts, 
and  twice  that  amount  at  least  is  required ;  but  taking  these 
figures  and  setting  the  cost  of  the  battery  as  only  ^d,  per  lb. 
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of  zinc,  we  have  259.,  while  96  lbs.  of  ooal,  oostiiig  at  208.  per  ton, 
iO'29d.,  would  in  a  common  steam  engine  do  the  same  work. 

It  is  important  that  this  exact  mode  of  estimating  costs  and 
possibilities  should  be  clearly  understood,  and  therefore  I  will 
work  out  the  subject  and  show  the  cost  of  energy  per  equivolt, 
§  5  27,  as  comparable  with  that  of  battericH,  p.  171,  and  per  icxx> 
joulads,  which  is  one  proposed  unit  of  charge  for  electrical 
energy  delivered. 

920.  Energy  of  Fcbl. — According  to  the  table,  p.  319,  the 
energy  of  carbon  is  9624  foot-lbs.,  or  2*059^  equi volts.  But 
in  most  treatises  on  heat,  it  is  usual  to  value  the  work  of 
fuel,  &c.,  in  terms  of  units  of  heat,  generally  that  amount  of 
heat  which  will  raise  i  lb.  of  water  1°  ITabr.  in  temperature : 
such  values  can  be  converted  into  the  eq^uivolt  by  dividing  by 
6*0523,  or  by  multiplying  by  its  reciprocal  •166  or  liOg. 
""I  •2180099.  On  this  system,  according  to  Favre  and  Silber- 
mann,  the  value  of  carbon  per  lb.  is  12,906  units,  and  of  hydro- 
gen 62,53  5.  According  to  the  Government  experimeuts  on  coal, 
the  average  of  English  qualities  may  be  taken  as— 

Carbon,  per  lb '812  x  12906  =  10480 

Hydrogen  (available),  per  lb.      '041  X  62535  =     2564 
Equivolts,  per  lb 2154*9==  ^3044 

Taking  the  price  of  coal  as  20s.  per  ton,  as  an  average  figure  from 
which  actual  cost  is  readily  derived  under  any  circumstances, 
we  get  the  cost  of  coal  per  lb.  *  1071  of  a  penny,  and  per  equi- 
volt '0000^97.  We  must  next  consider  the  proportion  of  this 
actually  utiUzed  in  ordinary  steam  engines.  This  will  depend 
upon  their  consumption  per  **  indicated  horse-power,"  and  this 
varies  from  2^  lbs.  per  hour  in  the  best  engines  to  5  and  6  in 
common  ones.*  A  horse-power  is  33,000  foot-lbs.  per  minute 
or  1,980,000  per  hour  =  423  '7  equivolts  ;  if,  then,  we  take  4  lbs. 
of  c^  per  hour  as  an  average  consumption,  this  brings  the 
practical  mechanical  equivalent  of  the  pound  of  ooal  to  105*9 
equivolts,  and  the  practical  cost  of  steam-power  per  equivolt 
*  001 12  of  a  penny.  On  these  data  the  average  steam  eneine 
utilizes  only  one-twentieth  of  the  potential  energy  of  its  fael,  or 
an  e£Bciency  of  *o5  as  compared  with  the  figures  §  916,  or  rather 
with  the  half  of  those  values. 

*  The  indicated  horse-power  \a  asaallj  employed  as  the  measure  of  work  and 
merit  of  an  engine,  bat  it  is  not  really  so,  as  it  does  not  allow  for  the  friction  of 
the  engine  itself.  The  correct  ralue  can  be  ascertained  only  by  some  kind  of 
dynamometer  which  measures  the  actual  mechanical  energy  exerted  at  the  driving 
pulley  of  the  engine  per  indicated  horse-power  developed  in  the  cylinder,  as  this 
latter  measures  the  proportion  of  energy  of  the  fuel  transformed  into  pressure  on 
the  piston  by  the  agency  of  the  boiler  and  cylinder. 
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A  man's  power  ib  nsually  taken  as  one-sixth  tliat  of  a  hcyrse- 
power,  or  70*6  equivolts,  and  at  Qd,  per  hour,  costs  per  equivolt 
•  1 1 3  3  of  a  penny. 

921.  Gas  as  Fuel. — A  ton  of  average  coal  gives  96cx>  cubic 
feet  of  gas  of  *  450  sp.  gr.,  which  is  ^  3 1  lbs.  of  gas  per  ton ;  about 
1 300  lbs.  of  coke  are  also  produced,  and  if  we  allow  even  one- 
third  of  this  as  consumed  in  the  furnaces  we  may  consider  we 
get  about  1 2  feet  of  gas  for  each  pound  of  coal  consumed,  that  is, 
100  feet  represent  at  most  8  lbs.  coal.  This  calculation  gives  the 
cost  of  potential  energy  in  gas  per  equivolt  as  the  same  as  in 
coal,  assuming  equal  energy  for  equal  weights ;  but  the  energy 
of  gas  is  really  greater  than  an  equal  weight  of  the  same 
materials  in  the  solid  state,  the  energy  of  part  of  the  fuel 
consumed  in  the  furnace  having  been  employed  in  passing  it 
into  gas.  There  is  some  doubt  as  to  what  is  the  real  energy  of 
gas.  Siemens,  at  the  British  Association  meeting,  1882,  stated 
it  as  22,000  ordinary  heat  units,  while  others  give  it  as  15,000 
per  lb.,  average  coal  being  12  to  13,000.  I  will  use  the  mean  of 
these  values  for  present  purpose,  or  50  per  cent,  over  equal 
weight  of  coal. 

We  thus  get  a  value  of  21^,858  equivolts  per  100  feet,  which  at 
3«.  per  1000  is  '000140  for  cost  of  potential  energy,  which 
compared  with  line  i  shows  that  gas  when  employed  as  a  source 
of  heat  is  nearly  three  times  as  Cdstly  as  coal.  Now  a  good  gas 
engine  develops  i  horse-power  for  2 1  cubic  feet  per  hour,  which 
gives  us  an  efficiency  of  •  1 17  or  more  than  double  that  of  steam 
engines  using  4  lbs.  of  coal  per  horse-power.  This  still  leaves 
the  cost  for  gas  75  per  cent,  greater  than  that  for  coal,  with  the 
result  of  really  a  much  lower  cost,  because  the  steam  engine 
involves  labour  in  firing  and  attention,  while  in  the  gas  engine 
this  is  avoided. 

922.  Cost  of  Energy. — We  may  now  tabulate  all  these 
values  in  the  same  manner  as  was  done  p.  171  for  the  cost  of 
energy  derived  from  batteries.  As  there,  notning  is  taken  into 
account  but  the  materials. 

Cost  of  Mechanical  Energy,  in  Fence. 


8ee$ 
T.  930 
2.     „ 

4.  9^1 

6.  920 


Source. 


Goal  at  70$.  per  ton  poiential 

Steam  engine  at  2*5  lbs.  p.  H.P.  hour 

»»  4-      u  I) 

Gafi  at  3<.  per  1000  feet  poiential 
Gas  engine  at  2t  feet  per  H.P.  hour 
Man's  power  at  dd,  per  hour    .. 


EqniTolt. 


0000497 

0006319 

00x011 

000x389 

0017845 

"33 


xooo 
JouUmIb. 


•0000079 

•0000997 

•00OT59O 

•0000222 

'000281 

■017874 


H.P. 


02II 

2678 
4284 
0590 

4*8066 
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EhdrtMiuignetic  motars  will  cost  according  to  the  sources  from 
which  their  current  is  derived,  §  925,  and  will  be  as 

Cost  of  electric  energy  .    «        ,      -^^i  ^  ««.^„ 

-ts^— : ? r-^^  =  cost  of  mechanical  energy. 

EfBciency  of  motor 

This  is  worked  out  for  various  cases  §  924. 
923.  Electric  Energy  in  the  circuit  will  cost  as 

Cost  of  source,  above  _  Ccost  at  terminals 
Efficiency  of  dynamo  ""  (+  ^<>^  ^^  conductor. 

.  When  distributed,  it  is  proposed  to  make  the  charge  for  it 

upon  the  1000  volt  ampere-hours  as  a  unit,  which  would  be 

equivalent  to  3,6cx),cxx3  joulads. 

The  following  table  shows  the  cost  according  to  the  source  of 

mechanical  energy,  and  the  efficiency  of  the  dynamo  machine  in 

its  external  circuit,  §  907  (3). 

Cost  op  Electric  Energy,  in  Pence. 


See^ 

I. 

3. 

3.  9^2 

4.  „ 

5.  » 

6.  171 


Electric  Sonroe. 


Proposed  anit,  at  i  penny  . 
„        charge  ^d.     ..      . 

{Steam  engine,      Dynamo,      1 
2*5  lbs.  coal,   efficiency '70/ 
Do.  4  lbs.  „  „  -63 

Gas  engine  ,,  '63 

Batteries,  nitric  acid     .. 


Eciutvolt. 


•CO I 7606 
•0133243 
•0009029 

•0016049 
•0028331 
•1863 


xooo  JouladB. 


•0002778 
' 0019450 

•0001425 

•0002532 
•0004467 
•0029394 


Hone- 
power. 


•7459 

5'22l6 

•3826 

•6800 
I'aooo 
78*936 


The  battery  cost  is  calculated  from  the  nitric  acid  values  in 
the  Table,  p.  171,  averaging  them  and  allowing  for  half  the 
energy  being  absorbed  in  internal  resistance.  It  explains  at 
once  why  electro-motors  were  impossible  when  depending  on 
battery  currents. 

924.  Work  from  Electro-Motors. — The  two  preceding  tables 

Cost  of  Horse-power  from  Electro-motors. 


Source  of  Garrent. 

Efficiency  of  Motor,  $  916. 

.JO 

•50 

"IS 

See$ 
923  , 

>»    i»  3 

i»     If  4 
i>    >»  5 

Battery  at  •1863  per  equivolt 
DlBtributed  at  7(2.  per  unit      . . 
Steam  at  2^5  lbs.  Dynamo  ^70 
»>      »>      4    »>          »»        '63 
Gas  engine                „          „ 

394-68 

26-18 

1-91 

3-40 

6-00 

157-87 

lO'44 

•77 

1-36 

2-40 

105-25 
6^96 

•.91 
I -60 
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enable  the  ooet  of  work  from  these  to  be  calculated.    The  ooBt 
of  energy  in  the  conductor  is  to  be  added  to  this. 

925.  Transmission  of  Energy. — This  subject,  as  to  which 
great  expectations  have  been  put  forth,  naturally  comes  to  be 
considered  here.  It  will  be  seen  that  the  practicability  of 
transmission  to  considerable  distances  depends  upon  the  pro 
portion  of  energy  delivered  to  that  generated,  that  is  to  the 
waste  of  energy  in  the  acts  cf  transmission  and  conversion,  and 
as  to  this,  there  are  two  considerations :  (i )  the  effects  with 
large  currenU  ;  (2)  the  results  with  high  EmF.  These  subjects 
have  been  considered  in  previous  chapters ;  here  it  may  be  said 
that  the  question  really  stands  just  where  it  was  in  1 878,  when 
the  subject  first  received  serious  attention.  Bir  C.  Siemens  then 
suggested  the  delivery  of  electricity  generated  by  a  waterfall 
30  miles  distant,  and  the  conditions  of  conductor  required. 
The  following  summary  of  my  examination  of  the  proposal 
(see  p.  257)  will  show  that  the  transmission  by  aid  of  targe 
currents  is  very  unpromising. 

"  It  appears  then  that  having  a  free  gift  from  nature  in  a  waterfall  30  miles 
away,  to  utilize  it  as  1000  horse-power  we  must  provide 

'*(i)  Dynamic  converters  capable  of  developing  1000  horse-power. 

•*  (2)  1900  tons  of  best  copper  rod,  properly  insulated. 

**  ( j)  A  dynamo-electric  apparatus  capable  of  generating  a  current  representiiig 
at  starting,  2000  horse-power. 

"  (4)  Ideans  of  cooling  that  machine  and  dissipating  rapidly  a  constant  energy 
equal  to  758  horse-power. 

**  It  becomes  a  very  serious  question  whether  it  would  not  be  desirable  to  look 
that  gift-horse-power  in  the  mouth.  Without  going  into  figures,  it  really  seems 
that  it  would  be  cheaper  to  buy  steam  or  gas  engines,  and  pay  for  coal  to  do  the 
work  on  the  spot. 

*'  That  is  a  question  that  might  receive  different  answers  in  the  mountains  of 
Chili,  and  where  coal  is  to  be  obtained  at  even  the  most  extreme  English  prices.** 

926.  A  little  later,  Messrs.  Houston  and  Thomson  in  America, 
stated  and  proved  (mathematicalM  that  it  is  possible  to  con- 
vey the  total  paioer  of  Niagara  a  aiatance  0/500  miles  or  more 
by  a  copper  cable  not  exceeding  one  half-mch  in  diameter. 
This  is  the  exaggerated  extreme  of  the  second  condition  of 
transmission,  the  use  of  a  small  current  under  very  high  E  M  F, 
§  502.  This  system  has  been  supported  by  the  most  energetio 
worker  in  this  field,  M.  Deprez.  But  so  far  it  appears  that  the 
best  result  he  has  yet  realized  is  the  delivery  of  about  33  per 
cent,  of  the  original  energy,  at  a  short  distance. 

927.  It  has  been  proposed  to  transmit  energy  under  extremely 
high  EMF  across  the  open  country,  and  to  reduce  this  by 
means  of  secondary  batteries  to  the  limit  which  might  be  sam 
in  practice;  thus  1000  cells  in  series  can  be  charged  by  an 
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E  M  F  of  Bay  2500  volts,  while  each  cell  would  give  np  an  equal 
current  at  an  EM  P  of  2  volts,  or  as  many  could  be  combined  as 
is  required  :  but  more  knowledge  is  necessary  as  to  the  practical 
transmission  of  electric  current  before  any  actual  results  are 
likely  to  be  attained. 

928.  Great  expectations  as  to  the  capacity  of  transmission  are 
sometimes  expressed,  and  while  Jacobins  calculation  of  maximum 

work  is  =,  =  ^  =  '5  it  is  stated  by  some  that-r;  =rj--  =  nearly  i 
ill      W  rj      W 

may  be  looked  for,  and  that  80  per  cent,  of  the  original  energy 
may  be  transmitted. 

The  true  possibility  may  be  easily  derived  from  common- 
sense  calculations,  such  as  have  been  presented,  §§  020-924;  it 
can  never  be  higher  than  the  product  of  the  nett  efficiency  of  the 
genercUor  and  the  converter^  less  the  proportion  lost  in  the  cmdactor. 
It  is  scarcely  possible  that  the  nett  efficiencies  will  exceed  80  per 
cent.,  and  80  x  80  =  64,  so  that  if  we  allow  10  for  conductor 
and  leakage,  we  come  pretty  near  the  50  per  cent,  of  Jacobi's 
law.  No  machines  at  present  in  existence  can  realize  this 
result. 

929.  It  is  more  likely  that  electric  motors  may  effect  a  revo- 
lution in  factory  working,  as  their  convenience  and  easy  control, 
together  with  the  fact  that  they  can  be  made  very  small,  will 
tend  to  their  employment  in  doing  work  direct  instead  of  power 
being  transmitted  from  an  engine  by  shafts  and  gearing, 
especially  where  a  rapid  revolution  is  required. 

930.  In  all  cases  they  ought  to  be  worked  on  the  multiple 
arc  system,  so  that  there  shall  be  no  mutual  interference,  but 
all  being  supplied  and  adapted  to  a  constant  E  M  F,  each  will 
close  its  own  circuit  and  call  forth  the  required  current  from 
the  generator,  as  described  §  900. 

9 J  I.  Electro-magnets. — These  must  be  considered  as  con- 
sisting of  distinct  elements  or  parts,  each  having  its  own 
particular  functions  or  laws  to  be  examined  apart  from  the 
others,  while  the  sum  of  the  effects  is  due  to  the  combination 
of  these  laws  for  the  utmost  mutual  action.  These  constituents 
are  (i)  the  iron  ;  (2)  the  wire;  (3)  the  current. 

The  iron  portion  is  divisible  into  (i)  the  core,  the  part  upon 
which  the  wire  is  wound,  which  in  a  straight  bar  is  the  whole 
of  what  is  usually  called  the  *'  magnet  " :  in  a  horseshoe,  this 
is  divided  into  two  parts  called  the  arms  of  the  magnet ;  (2)  the 
hii9e  or  piece  connecting  the  two  arms  ;  (3)  the  armature,  which 
is  truly  a  part  of  the  magnet,  though  not  usually  considered  as 
such :  it  is  in  fact  the  agent  in,  and  by  which  the  magnetic 
force  is  manifested. 
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932.  Electro-magnets  may  often  be  made  on  the  horseshoe 
type,  but  with  a  coil  fitted  upon  only  one  arm :  in  such  cases,  it 
is  often  desirable  to  utilize  the  magnetism  induced  in  the 
separate  arm  by  hinging  the  armature  upon  it ;  of  course  the 
same  may  be  done  in  horseshoes  with  two  coils. 

A  single  bar  magnet  may  be  similarly  utilized  with  pro- 
jecting pole  pieces  on  its  ends ;  the  armature  would  then  plav 
parallel  with  the  core,  either  from  a  separate  support  as  usual, 
or  hinged  upon  one  of  the  ends :  in  this  manner,  it  is  influenced 
not  only  by  the  polar  attractions  of  the  cores,  but  it  is  also  in 
the  external  lines  of  the  coil  which  magnetize  itself  also  in  the 
opposite  direction  to  the  core.  In  this  case,  the  best  construo- 
tion  would  be  to  screw  iron  pole-pieces  on  the  ends  of  the  bar, 
extending  upwards  over  one-third  of  the  circumference,  and  to 
form  the  armature  as  part  of  a  cylinder  of  thin  iron,  which 
when  attracted  would  come  close  down  upon  the  coils. 

933.  The  essential  feature  of  magnetism  is  equal  opposite 
dualUm :  in  every  magnet  there  are  equal  and  opposite  forces 
whi«h  we  call  north  and  south  polarities,  because  related  to  the 
earth's  poles.  Although  scientific  writers  speak  of  '*  a  pole  "  and 
describe  its  actions  very  fully,  no  such  single  pole  ever  exists, 
but  the  two  opposite  poles  are  always  connected  toother.  But 
it  by  no  means  follows  that  the  two  ends  of  a  oar,  though 
opposite  poles,  are  poles  of  equal  strength,  because  the  so-called 
poles  are  only  centres  of  action  for  fields  set  up  at  them,  and 
these  fields  may  be  more  or  less  concentrated. 

934.  The  strength  of  a  pole  is  measured  by  the  field  it  sets  up ; 
by  its  action  upon  another  magnet,  §  135.  It  is  entirely 
dififerent  from  the  lifting  power,  §  937,  which  is  the  usual  ides 
formed  of  it  by  ordinary  people. 

935.  A  straight  core  equally  covered  with  wire  throughout 
its  length  is  equally  magnetized  throughout,  and  its  opposite 
ends  will  be  equal  poles,  and  both  would  lift  the  same  weight. 
But  if  the  wire  is  concentrated  at  one  end,  the  core  is  no  longer 
equally  magnetized ;  its  neutral  point  will  be  brought  nearer  to 
the  wired  end  instead  of  at  the  middle :  a  strong  pole  and  dense 
field  will  be  produced  at  one  end,  and  a  weaker  pole  and  more 
diffused  field  at  the  other  end  :  the  two  ends  will  no  longer  hold 
the  same  weight,  because  the  same  number  of  lines  of  force  will 
no  longer  enter  it. 

936.  If  a  helix,  say  i  inch  in  length,  has  a  core  x  inch 
long,  under  such  conditions  that  either  end  will  lift  i  ounce, 
iron  added  beyond  one  end,  or  in  fact  lengthening  the  core,  will 
increase  the  lifting  power,  both  of  the  end  nearest  the  wire, 
for  the  reason  just  given,  and  also  the  total  power  of  both  ends, 
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becanse  the  magnetic  capacity  of  the  system  is  inoreased,  fmd  this 
increased  power  will  extend  to  a  threefold  length. 

937.  A  horseshoe  magnet  is  simply  a  bar  magnet  turned  up 
BO  as  to  bring  its  ends  into  the  same  plane :  the  strength  of  its 
poles  is  in  no  way  altered  by  this,  bnt  their  lifting  power  is  greatly 
increased.  The  reason  is  that  the  armature  now  constitutes  a 
closed  circuit  in  a  substance  of  high  capacity :  when  the  two 
poles  of  a  bar  magnet  are  loaded,  the  armutures  are  mere  polar 
extensions,  and  the  lines  of  force  of  the  magnet  have  to 
close  themselves  through  the  air,  and  only  part  of  them  will 
pass  through  the  armatures  instead  of  from  tbe  surface  of  the 
magnet.  The  same  thing  occurs  if  the  two  arms  of  a  horseshoe 
are  separately  loaded :  but  when  the  armature  crosses  the  poles 
it  concenti-ates  all  the  force  of  the  magnet,  and  therefore  may 
carry  three  or  four  times  the  weight  the  two  poles  could  carry 
separately. 

The  whole  of  the  lines  of  force  are  not  confined  to  the  pole, 
but  cross  the  whole  space  between  the  arms,  in  quantities  pro- 
portioned to  the  forces  existing  at  each  part  of  the  bar.    See 

§9"-  (0- 

The  intensity  of  the  field,  and  the  lifting  power,  are 
greater  the  nearer  the  poles  are  brought  together,  as  ex- 
plained §  123,  while  the  distance  at  which  power  can  be  exerted 
is  lessened. 

938.  The  hest  proportions  for  maximum  work,  are  equal  lengths 
of  the  four  parts  of  the  iron :  the  base  to  be  somewhat  heavier 
than  the  arms,  and  the  armature  to  be  of  equal  weight, 
but  spread  out  in  thinner  metal  to  receive  the  lines  of  force 
over  large  surface.  When  the  armature  is  intended  to 
vibrate  rapidly  or  more  quickly  it  must  be  made  lighter,  and 
shorter. 

939.  The  cores  or  arms  carrying  the  wire,  should  have  each  a 
length  of  six  diameters  (twelve  diameters  for  bar  magnets). 
Gores  vary  in  magnetic  strength  in  the  ratio  of  the  square  roots 
of  their  diameters,  and  also  as  the  square  roots  of  their  lengths,  and 
the  sixfold  length  is  the  most  effective  combination  of  these. 
Lengthening  the  core  lengthens  the  field,  and  also  increases 
residual  magnetism,  therefore  short  cores  should  be  used  for 
quick  working. 

9A0.  Hollow  cores  are  as  effective  as  solid  metal,  provided  the 
shell  is  suffideut  to  absorb  the  magnetic  action  of  the  current, 
for  which  one-quarter  the  diameter  is  effective :  but  the  ends 
must  be  closed  with  an  iron  plug  of  at  least  equal  thickness. 
The  best  construction  is  to  bore  out  the  core  to  the  required 
dimensions,  and  then  slit  it  lengthwise  down   one   side   to 
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prevent  the  formation  of  induced  or  Foucault  currents  when 
the  magnetic  state  changes. 

941.  The  helix  should  be  of  the  same  thickness  as  the  core, 
making  the  total  diameter  threefold :  this,  combined  with  the 
sixfold  length  of  core,  gives  the  greatest  magnetic  effect  for  a 
given  length  of  wire.  Within  practical  limits,  each  spire  or 
turn  of  wire,  whether  close  to  or  distant  from  the  core,  has 
equal  action ;  but  one  turn  of  outside  wire  would  make  two  of 
inside,  while  lengthening  the  core  to  gain  these  turns  increases 
the  polar  distance  and  diminishes  the  number  of  turns  at  each 
section. 

The  wire  is  best  distributed  equally  over  the  arms :  but  for 
great  effect  at  very  short  distances,  or  for  great  holding  power, 
the  wire  may  be  concentrated  near  the  ends. 

942.  The  magnetic  gtrength  is  proportional  to  the  current  passing, 
and  to  the  nuinber  of  turns  of  wire,  which  is  commonly  expressed 
as  '*  varying  as  0  t"  It  is  simpler  to  combine  these  in  one 
conception  and  say  it  varies  *'  as  the  cttirent-tums,'*  or  as  the 
''amp^re-tums,"  referred  to  §  901,  to  which  a  few  experiments 
would  give  a  definite  value. 

Thus  the  same  magnetic  effect  may  be  obtained  from  a  few 
turns  of  wire  and  large  current,  or  a  small  current  and  many 
turns,  so  long  as  the  product  of  current  and  number  of  turns 
amounts  to  the  same  in  "  amp^re-tums." 

This  is  a  consequence  of  the  fact  that  the  same  energy  is 
conveyed  by  the  wire.  With  a  given  weight  of  metu^the 
resistance  is  as  the  square  of  the  length,  i.  e.  as  the  number  of 
turns  it  can  make.  Current  is  inversely  as  this  number; 
therefore  if  we  have  i  ampere  in  100  turns  of  i  ohm  R,  the 
energy  by  C*^  X  R  =  i  joulad,  then  icxx>  turns  would  have 
100  R,  and  the  current  being  •  i  we  have  •  i*  X  100  =  i  joulad 
as  before. 

943.  To  equally  magnetize  different  sized  cores,  the  *' ampere- 
turns  "  must  be  in  the  proportion  of  the  square  root  of  the  cube 
of  the  diameters. 

944.  This  relation  of  amp^re-tums  to  magnetic  strength  holds 
gooa  only  during  the  lower  range  of  magnetic  increase.  If  it 
were  expressed  in  a  diagram  in  which  the  horizontal  line 
measured  current  in  a  given  helix,  or  amp^re-tums,  and  the 
vertical  line  represented  magnetic  strength,  the  resulting  line 
would  be  a  straight  one  rising  at  the  angle  of  45°  if  equal 
lengths  were  taken  for  the  two  data.  But  instead  of  this,  the 
action  is  a  steadily  weakening  one,  and  the  line  lowers  down  to 
the  horizontal  direction,  when  additional  current  causes  no 
farther  increase  of  magnetism.    Fig.  iii  shows  such  curves 
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for  steel,  and  yarious  qnalities  of  wrought  and  cast  iron,  as  to 
both  saturation  and  capacity. 

945.  Fig.  Ill  shows  that  the  limit  of  saturation  (§  138)  varies 
for  each  quality  for  iron,  and  that  each  quality  has  its  own 


Fia.  111. 
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capacity f  §  i37>  ^^^^  ^  ^^  same  current  will  produce  different 
magnetism  with  cores  of  different  iron,  while  one  quality  will 
rea^  its  limit  of  capacity  earlier  than  others :  thus  soft  iron 
has  eight  times  the  capacity  of  hard  steel,  while  cast  iron  is 
intermediate.  This  is  why  soft  iron  electro-magnets  are  better 
than  permanent  magnets  for  dynamo  machines. 

946.  Steel  has  two  limits  of  saturation :  (i)  as  with  iron,  the 
point  at  which  no  increase  is  possible ;  (2)  a  much  lower  limit, 
the  permanent  strength  retained,  which  may  be  only  one-fifth 
of  the  first.  This  is  about  the  strength  corresponding  to  equal 
action  per  amp^re-tum,  and  the  range  at  which  dynamo- 
machines  do  best  work.  It  is  evidently  bad  economy  to  press 
the  magnetism  to  the  higher  limit,  because  the  resulting  effect 
of  increased  current  is  small,  while  the  cost  of  increasiug 
current  is  as  the  square  of  the  current,  besides  the  extra  waste 
in  increased  resistance  due  to  the  heat  generated. 

947.  Every  kind  of  iron  has  therefore  its  ftpecific  capacity^  that 
is  to  say,  unit  volume  or  weight  can  only  be  made  to  develop, 
under  any  circumstances,  a  definite  ''magnetic  strength,"  or 
hold  up  a  limited  weight. 

Joule  found  the  utmost  effect  he  could  obtain  was  to  hold 
up  2CX)  pounds  per  square  inch  of  core,  which  is  equivalent  to 
a  force  of  13,800,000  dynes  per  square  centimetre.     See  also 

§  ^7- 

048.  Size^  which  really  means  diameter  of  eore^  is  the  first 

point  to  be  considered  in  arranging  an  electro-magoet,  and  this 

will  be  affected  by  three  considerations  at  least :  (i)  the  amount 
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of  mechanical  work  required  to  be  done ;  (2)  the  resistance  to 
be  taken  into  account,  such  as  the  distance  at  which  the  work 
is  to  be  done ;  (3)  the  £  M  F  at  disposal. 

949.  Every  action  performed  by  an  electro-magnet  means  a 
definite  amount  of  energy  expended  in  that  action;  be  it 
comparable  to  a  horse-power  or  to  the  movement  of  the  wheels 
of  a  watch,  it  is  to  be  realized  in  foot-pounds,  and  the  magnet 
must  be  capable  of  developing  a  pull  capable  of  lifting  the 
corresponding  weight  at  the  extreme  distance  of  its  armature. 
Therefore  knowing  the  limit  of  capacity  of  iron,  §  947,  the  size 
is  determinable  by  the  allowance  to  be  made  for  the  quality  and 
conditions  in  each  case. 

950.  The  current  transmitted  must  convey  the  corresponding 
energy :  that  is  to  say,  the  joulads  of  energy  supplied  to  the 
coil,  and  measured,  §  390,  by  E  x  C,  must  be  equal  to  two 
quantities  :  (i)  C^  x  R»  the  expenditure  in  the  wire  of  the  coil 
itself,  as  inevitable  loss ;  (2)  the  mechanical  energy  of  the 
work,  which  (§  454)  acts  like  a  further  resistance. 

951.  Wire  Kequired. — Various  formulae  are  given  to  deter- 
mine the  size  and  quantity  of  wire  necessary,  but  for  the  sake 
of  general  readers  I  will  deal  with  this  subject  physically. 
The  size  of  the  core  being  determined  by  §  949,  the  size  of  tiie 
helix  follows  from  §  941^  and  the  gauge  of  wire  to  be  used  then 
depends  upon  the  resistance  adapted  to  the  conditions,  and 
varies  with  the  nature  of  the  work. 

The  reeistance  of  the  electro-magnet  should  be  equal  to  that  of 
the  whole  of  the  rest  of  the  circuit,  for  maximum  strength. 

For  quick  action,  as  in  a  vibrating  armature  or  a  relay,  the 
resistance  is  made  much  lower  to  prevent  the  counteracting 
influence  of  the  .extra  currents,  and  because  the  magnet  cannot 
approach  saturation.  Also  in  such  cases,  shorter  cores  and 
thicker  coils  may  be  used. 

9^2.  A  helix  is  simply  a  apace  measurable  in  cubic  inches,  or 
in  the  case  of  circular  coils  in  cylindrical  inches. 

The  area  is  measured,  and  in  circles  is  as  the  square  of  the 
extreme  diameter,  less  the  square  of  the  inner  diameter,  and 
multiplied  by  the  length,  gives  the  capacity  in  the  measure 
desired,  as  in  the  case  of  wires,  §  468 :  in  fact  we  may  regard 
the  helix  for  the  moment  as  a  bar  of  copper  of  which  we  obtain 
the  weight  by  multiplying  by 

per  cubic  inch  2247  grains.  Log  3*3516031 
„  cylind.  „    1765       „        „     3-2467447 

953«  From  this  a  deduction  has  to  be  made  for  space  between 
the  wires  and  for  the  insulating  material,  which  will  vary  with 
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each  make.  The  beet  plan  to  ascertain  the  actual  ratio  is  to 
make  a  mandril  with  recess  sunk  in  it,  of  i,  2,  or  3  inches 
length  for  different  sized  wires ;  wind  this  with  one  layer  of 
any  wire  and  count  exactly  the  number  of  turns  contained. 
The  diameter  of  the  hare  wire  measured  or  calculated,  §  4'}4,  will 
give  the  number  of  turns  it  would  give,  and  the  ratio  of  these 
numbers  of  turns  will  represent  wie  space  occupied  by  the 
covering. 

Silk  covering  is  more  regular  than  any  other,  and  I  have  ob- 
tained the  curve  of  Fig.  112,  from  a  number  of  experiments,  as 
an  approximation  to  the  ratio  of  the  weight  actually  contained 

Pio.  112. 


in  a  coil  to  that  of  the  solid  metal,  §  952,  which  of  course  is  less 
as  the  size  of  wire  decreases :  the  height  from  the  lower  line  to 
the  curve  in  parts  of  an  inch  will  give  a  ratio  by  which  to 
multiply  the  solid  weight  of  §952,  to  ascertain  the  actual 
weight  of  metal  in  the  coil. 

954.  Having  the  resistance  required  to  be  given,  §  951,  and 
the  weight  of  metal  at  disposal,  which  is  the  weight  of  the 
wire  giving  the  desired  resistance,  a  rule-of-three  sum  gives 
weight  is  to  7000  grains  as  R  is  to  ohms  per  pound,  and  a 
reference  to  the  Table  p.  294  will  show  the  suitable  size.  Or 
this  may  be  calculated  from  the  constants  in  §  475. 

3,416,825     __  (square  of  area  in  mils 
ohms  per  lb.  ""  (of  the  required  wire. 

955.  Noad  gives  the  following  generalizing  formula: 

Let  M  =  the  magnetic  force  of  the  electro-magnet. 
«  =  the  number  of  convolutions. 
d  =  diameter  of  the  core. 
C  =  the  current  passing. 

c  =  a  constant  dependent  on  quality  of  the  iron. 
ThenM  =  cnC>/5r 
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956.  Induction  Coils. — These  are  an  application  of  the  prin- 
ciples studied  §§  802-820.  They  consist  of  distinct  parts,  the 
function  of  which  should  be  understood,  (i)  The  iron  oopb. 
(2)  The  primary  wire  which  conveys  current  from  the  battery. 
{y  The  break  which  interrupts  the  current.  (4)  The  secondary 
wire  in  which  the  induced  current  is  set  up.  (5)  The  insulation. 
(6)  The  condenser. 

Between  all  these  parts  there  is  a  dne  proportion,  and  Fig. 
II 3  is  di-awn  to  a  scale  intended  to  exhibit  that  proportionate 
relation  for  the  best  construction;  it  represents  a  coil  i  foot 
long  in  the  core,  and  i^^  inch  diameter.  The  proportions  are 
related  to  the  laws  of  electro-magnets,  §  958,  but  modified  by  the 
circumstance  that  the  core  cannot  be  saturated,  and  is  only 
acted  on  for  a  fraction  of  a  second  :  therefore  it  should  not  be 

Fro.  lis. 


so  long  as  a  real  magnet ;  on  the  other  hand,  for  very  large  coils, 
the  length  is  advantageoufily  increased  so  as  to  reduce  the 
distance  of  the  secondary.  The  ellipse  shows  the  most  advan- 
tageous form  in  which  the  wires  can  be  arranged,  to  occupy  the 
most  effective  portion  of  the  space  marked  in  thick  lines  from 
the  points  a  &,  in  Fig.  85,  p.  468,  and  the  following  explanation 
will  assist  in  the  making  of  a  coil  to  the  best  advantage. 

957.  The  Core. — This  acts  purely  as  an  electro-magnet,  and 
should  be  made  of  the  purest  and  softest  iron,  so  that  it  may 
magnetize    and   demagnetize    as   rapidly  and    completely  as 
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possible.  It  must  not  be  capable  of  setting  up  an  indnoed 
current  within  itself,  therefore  its  own  metal  must  not  form  a 
circoit  which  would  act  as  does  the  brass  covering  tube 
described  §  976.  It  is  composed,  therefore,  of  wires  of  the  best 
quality  of  No.  18  to  22  gauge,  cut  in  lengths  in  excess  of  the 
intended  coil,  so  as  to  project  at  both  ends,  as  shown  in  dotted 
lines  at  one  end  c :  they  should  be  made  up  into  a  truly  round 
form,  which  is  best  done  in  a  metal  cylinder  of  proper  size,  split 
from  end  to  end,  and  bound  with  wire  or  cord  while  the  wires 
are  packed :  it  should  then  be  slid  off  gradually  while  a  strong 
wire  is  wound  tightly  from  end  to  end  of  tne  bundle:  this 
should  then  be  placed  in  a  charcoal  fire,  made  red  hot  for  some 
time,  and  allowed  to  cool  as  the  fire  goes  out — not  by  removal. 
The  binding  wire  should  be  gradually  unwound,  and  replaced 
by  tape  covered  by  strips  of  stout  paper  pasted  on  to  form  a 
cylinder,  which  when  dry,  should  be  warmed  and  soaked  in 
melted  paraffin. 

Another  plan  is  to  use  a  mandril  of  hard  wood  slightly  taper- 
ing ;  form  the  paper  cylinder  on  this,  make  the  coil  complete  as 
follows,  and  insert  the  core  afterwards ;  this  latter  plan  is  the 
easiest,  but  the  core  is  not  so  perfect,  and  space  is  apt  to  be  lost 
between  the  core  and  the  primary,  which  is  disadvantageous, 
unless  it  is  desired  to  have  a  removable  core  for  purposes  of 
experiment ;  then  it  and  the  primary  may  be  made  to  slide  in 
the  tube  on  which  the  secondary  is  wound. 

Fig.  114  represents  a  cap  of  metal  to  be  fitted  on  to  each  end 
of  the  core  or  to  the  mandril,  to 
work  in  a  slot  in  an  upright  frame  ^®'  ^^** 

so  that  a  handle  can  be  sUpped  on 
either  end  to  wind  up  the  coils  of 
wire.  This  could  be  done  in  a 
lathe,  but  is  far  better  done  by 
hand  in  a  frame  for  the  purpose. 

When  the  coil  is  completed,  the 
caps  (which  may  be  best  secured  by  shellac  cement)  are  re- 
moved, the  end  of  the  core  at  &  is  to  be  cut  off  and  filed  to  a 
perfectly  smooth  face :  the  end  c  projecting  beyond  the  calcu- 
lated length  of  the  core,  and  the  armature  at  the  other  end 
will  both  add  to  the  inductive  actions,  as  in  §  935,  by  the  in- 
creased magnetic  capacityr. 

958.  The  Primary. — ^This  should  be  silk-covered,  because  the 
magnetism  induced  in  the  core  depends  upon  the  current  and 
the  number  of  turns  of  wire,  and  this  number  will  be  greater, 
the  less  room  the  insulation  takes  up ;  for  this  reason,  and  as 
there  is  little  tendency  to  escape,  the  wire  should  not  be  coated 

Q  w  2 
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with  paraffin,  ko. :  it  should  be  of  the  softest  quality  and  the 
highest  conductivity  possible.  The  proper  size  is  of  the  utmost 
importance:  it  must  be  selected  with  an  eye  to  the  battery 
power  intended  to  be  used  so  as  to  develop  the  greatest  current. 
It  is  wise  to  err  on  the  side  of  using  wires  too  emaU  rather 
than  the  reverse,  because  that  error  partly  compensates  itself 
by  the  greater  number  of  turns,  and  may  be  corrected  in 
working  by  using  an  extra  cell  or  two.  No.  14  would  suit  a 
coil  a  foot  long  to  work  with  low  battery  power;  for  smaller 
coils  No.  18  and  even  20.  It  should  be  in  one  length,  in  case  of 
any  accident  occurring  at  a  join,  and  also  to  avoid  irregularity 
of  form  which  is  apt  to  be  caused  by  a  joint.  The  question  as 
to  the  advantage  of  two  or  three  layers  is  of  the  same  order  as 
that  of  sisse ;  it  is  a  matter  of  resistance,  current,  and  space 
occupied:  the  balance  is  in  feivour  of  two  layers.  This  also 
brings  the  two  ends  to  one  extremity ;  if  three  are  preferred, 
the  end  of  the  wire  must  be  brought  out  and  carried  back 
under  the  stand  in  mounting.  Place  the  core  in  the  frame 
with  the  h  end  to  the  left,  as  tiie  wire  commences  there ;  tie  the 
wire  firmly  to  it  with  a  sufficient  length  for  connection,  and 
wind  up  as  firmly  and  closely  as  possible,  beginning  at  the  left 
hand,  and  turning  the  handle  upwards  to  form  a  right-handed 
helix.  When  the  layer  is  completed,  fill  up  the  furrow  between 
the  wire  with  a  soft  cotton  cord,  or  stout  knitting  cotton,  then 
bind  over  firmly' with  a  strip  of  dry  silk  or  silk  binding  (such 
as  the  drapers  sell  as  flannel  binding),  to  prevent  any  accidental 
contact  by  chafe  of  the  wires.  Now  continue  winding  on  the 
second  layer,  and  secure  it  in  the  same  manner.  It  will  be 
wise  now  to  test  the  resistance  of  the  wire,  which  should  be 
slightly  greater  than  before  winding:  if  it  is  less,  there  is 
contact  somewhere,  which  must  be  remedied  by  unwinding. 
The  core  and  primary  should  now  be  warmed  and  well  soaked 
with  melted  paraffin. 

959.  Insulating  Tube. — The  core  and  primary  are  now  to  be 
inclosed  in  a  tube  as  shown  by  e,  Fig.  113,  which  requires  to  be 
thicker  at  the  ends  than  at  the  middle,  as  drawn,  because  the 
great  risk  is  a  discharge  by  sparks  to  the  primary,  or  core, 
which  oflfer  a  good  circuit.  An  ebonite  tube  is  usually  recom- 
mended, but  it  is  costly  and  difficult  to  fit  exactly  to  the 
primary  without  waste  of  space.  Such  a  tube  can  advantage- 
ously be  built  out  of  the  thinnest  sheet  Aonite.  Measure  me 
proper  size  with  a  piece  of  paper  cut  to  fit  tight ;  cut  out  a  piece  of 
the  ebonite,  which  is  best  done  with  a  sharp  point,  or  a  tenon* 
saw  drawn  over  the  surface ;  hold  it  before  a  fire  till  it  softens, 
and  bend  it  over  the  coil,  binding  it  down  with  a  tape  till  cold ; 
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then  secure  the  joint  with  ghellao,  and  add  a  second  cylinder, 
breaking  joint  at  the  opposite  side :  in  a  large  coil  several  such 
layers  should  be  used.  Three  disks  of  the  thin  ebonite  are  to 
be  cut,  with  central  holes  to  suit  the  position,  as  shown,  and 
slipped  upon  the  cylinder,  which  is  then  thickened  up  at  the 
ends  by  shorter  cyfinders,  as  shown.  When  dry  these  may  be 
turned  down  to  a  regular  curve,  if  desired,  or  the  disks  being 
set  in  position,  a  strip  of  paraffined  paper  may  be  wound  on  to 
the  desired  thickness,  as  directed  in  the  winding  of  the 
secondary.  In  disks  i  and  3  there  are  to  be  holes  through 
which  a  length  of  the  secondary  wire  is  passed,  as  shown.  In 
small  coils  a  single  disk  will  suffice ;  in  larger  ones  others  are 
to  be  added  so  as  to  leave  no  space  wider  than  2  to  3  inches, 
but  so  as  to  keep  an  even  number  of  spaces.  The  disks  should  be 
thickened  alternately  at  the  middle  and  edges,  so  that  the  thin 
part  is  where  the  wire  passes  from  one  compartment  to  the 
next,  that  is  to  say,  where  the  difference  of  tension  is  least 
between  the  neighbouring  portions  of  wire,  this  obeying  the 
law  of  tensions,  and  corresponding  to  the  actual  length  of  wire 
intervening  between  such  neighbouring  parts.  There  are  two 
ways  of  thickening  disks :  another  disk  of  sheet  ebonite  may  be 
cut  of  the  proper  size  and  rasped  away  at  one  edge,  and 
cemented  with  shellac  on  each  side  of  the  principal  disk ;  or 
disks  of  paraffined  paper  may  be  cut  and  added  at  intervals  as 
the  wire  is  wound  on,  which  is  readily  done  by  cutting  a  slit  in 
each  so  as  to  slip  it  on.  The  first  plan  is  preferable  when  the 
thickness  is  in  tne  centre. 

The  two  end-pieces  may  be  made  of  ebonite,  but  well-baked 
mahogany  saturated  with  paraffin  will  answer.  The  inner  faces 
may  have  a  recess  cut  in  them  to  contain  a  circle  of  thick  sheet 
ebonite  where  in  contact  with  the  wires,  and  if  desired,  a  casing 
of  thin  ornamental  wood  can  be  used  to  cover  the  real  ends.  In 
most  coils  these  ends  are  circular,  with  a  flat  face  at  the  lower 
edge ;  but  in  Fig.  113  they  are  rectangular,  in  order  to  carry 
the  terminals  and  discharger.  Whichever  plan  is  preferred, 
they  are  now  to  be  fixed  firmly  upon  the  insulating  tube  so  as 
to  inclose  within  them  part  of  the  primaiy,  as  shown,  forming  a 
complete  reel.  The  insulating  tube  should  be  carried  to  the  end 
of  the  core  (instead  of  being  cut  off  to  the  ellipse,  as  shown  in 
the  figure),  so  that  the  ends  may  be  fixed  securely  upon  it. 

960.  The  secondary  wire  is  to  be  laid  on  with  its  turns  parallel 
to  those  of  the  primary,  and  there  should  be  as  many  turns  got 
into  the  space  as  consists  with  the  other  essential  conditions. 
The  size  of  wire  depends  upon  the  object  aimed  at.  A  full 
bushy  spark  depends  on  quantity^  and  this  again  depends  entirely 
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on  the  size  of  the  wire.  Length  of  spark  depends  on  ientUm^ 
and  this  upon  the  number  of  turns,  and  the  size  of  wire  will 
range  between  Nos.  3  5  and  40.  The  ooil  is  to  be  arran^^  in 
the  winding  stand  as  before,  with  the  b  end  to  the  left,  or  in  the 
reverse  position  to  that  of  Fig.  113,  Fix  pieces  of  wood  or  cork 
in  all  the  spaces,  except  the  end  2  6,  to  support  the  disks  ;  the 
end  of  the  wire  is  to  be  passed  tnrough  a  hole  in  disk  3,  and 
secured  in  the  space  2,  3  for  joining  to  the  wire  which  is  to 
fill  that  space,  and  then  wound  in  the  space  3  &  so  as  to  form  a 
helix  corresponding  to  that  of  the  primary,  with  the  precau- 
tions as  to  insulation  described  §  961,  filling  up  to  the  elliptic 
outline,  and  leaving  the  end  out,  for  connection  to  the  terminaL 
Next  fill  up  the  space  1-2  in  the  same  way.  Now  turn  ike  reel 
end  for  end  in  the  frame,  bringing  it  as  it  is  in  Fig.  113;  and 
fill  up  the  other  two  spaces,  joining  the  wire  to  the  ends  left  in 
the  spaoes  for  that  purpose ;  then  the  spires  will  all  be  in  the 
same  direction  and  be  a  continuous  helix,  when  the  two  ends  at 
partition  2  are  soldered  together. 

The  object  of  this  construction  is  to  concentrate  the  stresses 
at  the  two  ends  of  the  coil,  where  perfect  insulation  is  most 
easily  effected,  and  to  secure  the  most  perfect  insulation  where 
it  is  most  required.  In  the  common,  because  easy,  construction 
with  the  secondary  wound  backwards  and  forwards  fi  om  end  t(i 
end,  as  in  Fig.  116,  it  is  obvious  that  a  great  length  of  wire 
intervenes  between  the  proximate  ends  of  two  separate  layers, 
and  there  is  great  risk  of  a  spark  breaking  through  the 
insulation. 

961.  Insulation  of  Secondary. — The  wire  itself  should  be  silk- 
covered  ;  it  should  be  well  baked,  and  laid  on  while  quite  dry. 
It  is  better  for  being  paraffined,  if  this  is  so  done  as  not  to 
enlarge  the  size,  §  978  (3).  Between  each  layer  an  insulating 
film  is  spread,  which  is  usually  made  of  several  thicknesses  of 
guttapercha  tissue,  but  it  is  doubtful  whether  good  paper 
paraffined,  such  as  is  used  for  the  condenser,  is  not  better.  The 
best  mode  of  applying  either  is  to  cut  it  in  long  slips  half  an 
inch  wide,  fix  the  end  over  the  end  of  wire,  and  wind  spirally, 
so  that  the  strip  overlaps  half  its  width.  On  reaching  the  end  or 
partition,  great  care  is  taken  that  the  space  is  to  be  x)erfectly  filled, 
which  is  easily  done  by  forcing  in  a  little  softened  paraffin ;  the 
strip  should  then  be  folded  back  on  itself  dose  to  the  wall  of  the 
space,  again  wound  spirally  back  half-way  up  the  space  and 
returned  to  the  end,  where  it  can  be  left  to  support  the  next 
layer  of  wire :  by  this  means  there  are  only  two  thicknesses 
interposed  where  little  instdation  is  needed,  and  four  where 
it  is  most  required.    In  long  spaces  or  undivided  coils,  the  strip 
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should  be  returned  two-thirds  of  the  length,  and  again  for  one- 
third,  so  as  to  have  six  thicknesses  at  the  dangerous  ends.  If 
paraffined  paper  is  used,  the  final  prooess  will  make  all  secure, 
but  if  guttapercha  is  employed,  it  will  be  an  improvement  to 
paint  round  the  ends  at  each  layer  with  shellac  cement.  Some 
paint  the  whole  wire  thus  when  laid,  but  this  renders  it  next  to 
impossible  ever  to  remove  the  wire  if  desired.  Guttapercha 
dissolved  in  benzole  or  in  oil  may  be  used  instead  of  shellac. 

When  the  coil  is  completed,  similar  external  insidation  should 
be  employed,  filling  up  the  outer  dotted  line.  Fig.  113.  This 
should  be  of  an  air-proof  nature,  such  as  paraffined  paper  or 
solid  guttapercha,  otherwise  the  guttapercha  sheet  is  apt  to  be 
destroyed  by  the  action  of  the  air.  If  paraffin  insulation  is  used, 
the  coil  should  be  slowly  warmed  for  some  hours,  and  then 
saturated  with  melted  paraffin  before  applying  this  external 
covering. 

962.  The  eoiUinidty  of  the  wire  should  be  carefully  watched 
throughout,  as  described  §  078  (7),  or  at  least  tested  as  each  layer 
is  completed,  lest  any  break  should  occur  unnoticed.  It  is  also  a 
great  advantage  to  test  the  growing  inductive  action  as  the  coil 
progresses,  which  is  one  reason  also  for  building  it  on  the  core 
itself.  At  the  earlier  stages  this  may  be  testf^d  by  a  suitable 
galvanometer,  connecting  up  a  single  Daniell  cell  to  the 
primary,  with  a  hand  contact  key  interposed,  and  observing  the 
deflection  produced  on  making  and  breaking  contact :  of  course, 
the  whole  length  of  wire  to  be  used  for  the  coil  must  be  con- 
nected to  the  secondary  from  the  first,  or  at  least  it  must  be 
made  up  to  one  uniform  resistance,  so  as  to  observe  the  increas- 
ing electromotive  force  generated.  When  the  coil  has  so  far 
progressed  as  to  give  sparks,  a  discharger  may  be  used,  and  the 
bre^  key  should  have  the  condenser  attached.  The  increasing 
spark  can  be  thus  watched,  and  any  accidental  failure  of  insula- 
tion at  once  detected  before  it  is  covered  up.  The  construction 
of  a  large  coil  is  a  matter  of  so  much  labour  that  these  precau- 
tions are  of  great  consequence. 

963.  The  Break, — The  construction  of  this  is  simple,  but 
involves  important  principles.  Its  objects  are  (1)  to  close  the 
battery  circuit  fully,  with  as  little  resistance  as  possible.  This 
requires  a  good  contact  surface  at  the  platinum  points  and  a 
strong  pressure  of  the  spring.  (2)  To  maintain  the  contact  till 
the  core  is  fidly  magnetized.  This  requires  the  resistance  of  the 
spring  to  be  just  sufficient,  so  as  not  to  allow  the  armature  to 
be  moved  until  the  full  magnetism  is  approached :  for  this 
reason  it  is  desirable  to  place  the  point,  as  shown,  at  some 
distance  down  the  spring,  which  then  assumes  a  curve  before 
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actually  deetroying  contact.  To  assist  this  the  spring  may  be 
of  taper  form,  thinning  away  towards  the  upper  end.  (3)  The 
iron,  armature  must  be  of  the  best  soft  iron  and  as  massive  as 
the  core  itself :  it  in  fact  acts  as  a  prolongation  of  the  core,  and 
assists  the  inductive  actions. 

The  construction  is  simple,  as  shown  h.  Pig.  113.  I'he  spring 
is  secured  to  a  brass  bracket,  which  carries  also  a  set^crew,  by 
which  the  distance  between  armature  and  core  and  the  resistanoe 
of  the  spring  are  adjusted.  A  similar  but  higher  bracket  carries 
a  screw  pointed  with  platinum,  and  provided  with  a  loose  set- 
nut  to  prevent  its  shifting  with  the  vibrations.  The  platinum 
should  be  soldered  in  position,  but  care  must  be  taken  that  no 
solder  runs  over  it.  A  hole  should  be  drilled  in  the  point  of 
the  screw,  and  tinned  by  means  of  a  pointed  wire,  and  the 
platinum  wire  entered  firmly  in.  The  piece  on  the  spring  may 
be  a  piece  of  thick  wire,  in  which  case  a  hole  should  be  drilled 
in  the  spring,  in  whjch  a  reduced  end  of  the  platinum  may  be 
entered,  riveted  up,  and  touched  with  solder  on  the  back.  A 
piece  of  stout  sheet  platinum  may  be  used,  in  which  case  the 
spot  it  is  to  occupy  should  be  tinned,  the  platinum  placed,  and 
the  iron  carefully  applied  round  the  edges.  Platinum  requires 
to  be  moistened  with  flux  to  enable  solder  to  take  readily. 

For  some  experimental  purposes  a  break  worked  by  hand  or 
mechanism  is  useful,  and  consists  of  a  spring  pressing  on  a 
ratchet-wheel  revolved  at  a  fixed  rate.  This  may  be  interposed 
between  the  coil  and  battery,  the  ordinary  break  being  screwed 
tightly  up. 

964.  Mercury  Break. — ^The  mere  contact  of  the  point  against 
the  spring  makes  imperfect  circuit,  so  that  for  large  coils  a 
better  contact  is  necessary,  which  is  obtained  by  using  a  wire 
dipping  in  and  out  of  mercury.  The  motion  may  be  obtained  in 
several  ways:  (i)  a  copper  wire  can  be  attached  to  the  top  of  the 
vibrating  spring  of  the  usual  break,  Fig.  113,  and  bent  over  so 
as  to  dip  into  a  vessel  of  mercury ;  (2)  an  iron  rod  may  be  fixed 
on  the  top  of  a  wooden  pillar :  a  spiral  of  copper  wire  of  the 
same  gauge  as  the  primary  wire  is  wound  loosely  around,  so  as 
not  to  touch  the  iron,  and  to  extend  to  twice  its  length :  the 
upper  part  of  the  spiral  is  connected  to  the  circuit,  while  the 
lower  end  is  bent  out  and  made  to  dip  into  the  mercury  cup. 
The  passing  current  magnetizes  the  ijron  and  contracts  the 
spiral  so  as  to  lift  the  end  of  the  wire  out  of  the  mercury. 

The  mercury  cup  should  have  a  copper  rod  in  its  bottom,  by  a 
screw  on  which  its  height  can  be  adjusted :  the  mercury  may 
be  rendered  less  mobile  by  having  silver  dissolved  in  it,  and  it 
should  be  covered  with  alcohol,  or  with  paraffin  oil ;  the  end  of 
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the  wire  should  have  a  stout  platinum  wire  fixed  to  it,  and  the 
cup  should  have  a  cover  with  a  hole  in  which  the  wire  can  play 
freely.  Such  a  break  may  be  made  independent  of  the  coil 
(current  by  being  worked  from  an  independent  cell,  or  mechanic- 
ally, in  which  case  two  mercury  cups  may  be  used,  with  a 
bridge  of  wire  moved  by  the  apparatus  and  making  actual  break 
in  only  one  of  the  cups. 

The  mercury  itself  can  be  made  to  break  the  circuit  if  a 
platinum  wire  serving  as  -f-  conductor  just  touches  it,  and  the 
mercury  is  covered  with  water  containing  a  little  acid  :  action 
occurs  similar  to  that  which  actuates  Lippmann's  electrometer,  a 
film  of  gas  forms  and  the  mercury  leaves  the  point,  returning 
again  immediately  to  repeat  the  process. 

965.  The  Condenser  is  made  as  described  §  69 ;  but  for  small 
coils,  good  paper  well  dried  will  answer.  The  area  of  foil 
it  should  contain  depends  upon  the  degree  of  battery  power 
to  be  used,  increasing  with  this:  it  appears  that  if  the  con- 
denser capacity  is  too  great,  the  spark  is  reduced :  possibly  by 
the  action  referred  to  §  95,  which  may  lower  the  magnetism  of 
the  core  by  taking  up  a  charge  in  the  condenser.  The  best 
mode  of  ascertaining  the  proper  size  adapted  to  a  coil  is  to 
arrange  it  as  described  for  making,  and  lead  temporary  wires  to 
it  from  the  coil,  allowing  this  to  work  at  intervals,  increasing 
the  battery  power  gradually  to  the  utmost  likely  to  be  used, 
and  adding  sheet  after  sheet  of  the  foil,  as  it  is  observed  to 
produce  beneficial  effects. 

The  two  faces  are  connected,  as  shown  Fig.  1 13,  to  the  spring 
and  screw  of  the  break.  Its  function  is  to  absorb  the  "  extra 
current "  of  the  primary,  as  is  shown  by  the  reduction  of  the 
spark,  which  would  otherwise  destroy  the  platinum.  This 
enables  the  core  to  be  quickly  demagnetized,  and  the  charge 
reinforces  the  battery  current  at  the  next  close  of  the  circuit. 

966.  Simple  ConatrucUon, — Very  efiFective  coils  maybe  made  by 
careful  work,  depending  upon  well-selected  paper,  §  69,  and 
paraffin ;  success  depends  upon  securing  absence  of  moisture  by 
baking  at  intervals,  which  is  best  done  in  a  vfater  oven.  This 
can  be  constructed  of  a  tin  cylinder  standing  in  a  saucepan  of 
water,  and  boiled:  a  little  hole  in  the  cover  of  the  cylinder 
should  have  a  piece  of  pipe  fixed  to  it,  so  that  by  holding  a 
piece  of  cold  glass  against  its  end,  the  absence  of  condensed 
moisture  will  prove  dryness.  The  core  being  made  in  a  paper 
tube  as  described  §  957,  the  ends  should  be  fitted  firmly  on  it, 
the  primary  wound  on,  and  the  insulating  tube  commenced  by 
winding  on  strips  of  paper  of  which  the  first  layer  or  two  may 
be  pasted  with  fresh  flour  paste ;  this  is  allowed  to  dry  and  well 

Digitized  by  VjOOQIC 


538  SLSciTBO-icAoiasTiBM.  [9^7* 

baked :  the  secondary  is  to  be  wound  on,  with  insulating  strips 
of  paper  as  described  §  961,  the  ends  of  which  may  be  just 
touched  with  paste  to  hold  them  in  place:  after  baking  at 
intervals,  the  finished  coil  should  be  inclosed  with  a  complete 
casing  of  paper  strips,  and  after  a  final  thorough  baking  be 
plunged  into  a  vessel  of  melted  paraffin,  in  which  it  should  boil 
for  some  hours  and  be  allowed  to  cool  very  slowly.  This  is  best 
done  in  a  tin  cylinder  just  the  size  of  ike  coil.  It  is  well  to 
make  the  coil  in  this  way  with  thin  inner  ends,  which  can  be 
made  of  paper  pasted  together  and  dried  and  made  to  the  exact 
size  required:  the  coil,  thus  complete  in  itself,  can  then  be 
mounted  in  ends  of  wood  or  other  material  in  which  recesses 
are  turned  to  receive  it.  This  plan  is  better  than  using  strips 
of  paper  paraffined  first,  as  this  is  apt  to  be  brittle ;  but  if  this  is 
preferred,  the  wire  should  first  be  baked  and  soaked  in  paraffin, 
or  run  through  it  as  wound  on :  the  paper  in  this  case  should 
be  warmed  as  it  is  applied,  to  diminish  its  stiffiiess  and 
brittleness. 

967.  Dish  CoiU.— The  subdivision  shown  in  Fig.  11^  is  some- 
times greatly  extended,  the  sections  being  onl^  an  eignth  of  an 
inch  wide.  In  this  case  they  should  be  made  in  pairs  upon  the 
same  principles  as  are  explained  §  960 ;  they  should  be  made 
to  slide  over  the  primary  inclosed  in  a  straight  tube,  and  the 
increasing  thickness  obtained  at  the  ends  by  putting  additional 
material  in  before  the  wire.  The  best  process  is  to  make  a 
mandril  of  the  proper  size  with  two  metal  cheeks  of  the  sixe  of 
the  coil,  one  being  movable :  a  disk  made  up  of  paraffined  paper 
is  placed  against  the  fixed  cheek,  then  the  cylinder  of  required 
thickness,  another  disk  through  the  inner  part  of  which  an  end 
of  the  wire  is  passed,  then  the  other  cheek  is  fixed  so  as  to  form 
a  narrow  reel.  The  wire,  which  should  be  paraffined,  is  now 
run  on  so  as  to  fill  this  space,  when  boiling  paraffin  can  be  run 
in,  which  cooling  will  make  a  solid  mass. 

The  movable  cheek  is  then  to  be  taken  off,  another  cylinder 
and  disk  added  so  as  to  form  another  reel ;  the  mandril  is  then 
reversed,  fresh  wire  joined  to  the  end  left  on  at  first,  and  then 
run  on  as  before.  This  pair  of  sections  then  has  two  ends  on 
the  outside,  and  can  be  placed  on  the  primary,  to  be  followed 
by  others  similarly  constructed,  and  when  complete,  the  outer 
ends  of  the  wires  «re  joined  together  in  one  continuous  circuit, 
and  the  whole  warmed  and  treated  with  paraffin,  as  in  §  966.  It 
will  be  seen  that  on  this  plan  the  disks  replace  the  insulation 
between  the  layers,  because  in  these  there  is  comparatively 
little  difference  of  potential. 

968.  Dimensions  of  Coils. — It  is  not  possible  to  give  exact 
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figures  to  attain  definite  results,  because  so  much  depends  on  the 
care  expended  in  the  making ;  as  a  rule,  i  lb.  of  wire  of  No.  26 
size  should  give  i  inch  of  spark  ;  but  beyond  18  inches  in  lengui, 
large  coils  rarely  come  up  to  this  ratio.  The  following  figures 
may  be  useful,  they  are  taken  from  records  of  coils  actually 
made. 


Spark. 

Core, 

Primary. 

Secondary. 
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3      0 
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The  two  last  are  disk  coils,  and  the  last  is  that  of  Mr.  Brown, 
of  which  fuller  particulars  will  be  found,  §  975. 

The  condensers  require  about  twenty  sheets  of  foil  for  small 
sizes,  rising  to  fifty  or  sixty,  the  size  being  such  as  will  go 
under  the  base  of  the  instrument. 

969.  The  Laws  op  Coils.— Many  people  think  that  force  is 
generated  in  induction  coils ;  but  like  ail  other  apparatus  they 
are  mere  converters  of  energy,  and  always  return  less  than  is 
supplied  to  them.  They  also  indicate  clearly  the  distinction  of 
the  two  quantities,  explained  §  572  ;  they  appear  to  actually 
generate  '' electricity "  or  current  because  this  is  produced  in 
a  conductor  insulated  from  any  source;  the  ^lantiiy  of  this 
electricity,  or  current,  depends  wholly  upon  the  dimensions 
and  arrangement  of  the  conductor,  so  proving  it  to  be  a  mere 
matter  of  molecular  actions.  The  energy  connected  to  this 
current  is  derived  directly  from  the  battery  in  the  manner 
explained,  §§  454-6,  which  is  vividly  exhibited  with  a  coil  of 
which  the  parts  are  separable. 

We  can  trace  the  process  out  very  clearly  if  we  assume  that  the 
resistance  of  battery  and  wire,  when  the  break  is  screwed  down, 
is  I  ohm,  and  that  the  battery  can  send  a  current  of  4  amperes. 
Now  if  the  break  is  so  arranged  that  the  circuit  is  closed  for 
half  the  time,  the  current  will  be  reduced  to  2  amperes,  not 
through  any  increased  resistance,  but  simply  because  it  pa 
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during  only  half  the  time  which  elapses,  and  therefore  only 
has  half  the  effect  on  the  galvanometer.  Now,  if  the  core  is 
inserted  and  the  secondary  wire  allowed  to  generate  a  current, 
we  may  assume  that  the  current  in  the  primary  wiU  be  reduced 
to  I  ampere ;  but  this  reduction  is  due  to  a  new  resistance,  which 
is  the  work  done  in  core  fctnd  secondary,  representing  i  ohm 
of  resistance.  It  may  appear  strange  that,  while  doing  work 
externally,  the  current  is  actually  reduced  and  the  battery 
giving  out  less  energy,  and  it  is  this  point  which  is  to  be  made 
clear.    At  first  we  have 

C  X  R  =  2*  X  r  =  4  joulads. 
afterwards,  i"  x  2  =  2        „ 

But  in  the  first  case  the  whole  energy  is  expended  in  the 
battery  and  wire  as  heat ;  in  the  second,  only  half  is  so  expended, 
the  other  half  passing  into  the  secondary  wire  as  the  energy 
and  E  M  F  of  the  induced  current. 

970.  The  effects  of  a  coil  depend  upon  the  size  of  the 
secondary  wire,  and  its  length  as  mentioned,  §  960.  Site  or 
thickness  of  spark  depends  on  the  thickness  of  the  wire :  length  of 
spark  depends  on  length  of  wire ;  the  laws  are  in  fact  the  samd 
as  those  of  batteries  and  of  the  heating  of  wires.  We  may 
regard  each  turn  of  wire  as  an  electromotor  analogous  to  a  ceU 
of  a  battery,  or  to  a  thermo-electric  couple.  At  each  section  of 
the  coil  equal  electromotive  force  is  developed  in  each  turn, 
whether  close  to  the  core  or  at  the  outside  of  the  coil ;  but  the 
distinction  must  be  remembered  between  the  electromotive 
force  developed  in  the  turn,  and  the  effect  produced  externally 
hy  the  turn :  this  will  coii*espond  to  the  actions  of  a  large  or 
small  cell  of  equal  force,  and,  therefore,  the  inner  turns  exert 
more  energy  than  the  outer,  because  their  own  internal 
resistance  is  less  in  the  ratio  of  the  lengths. 

971.  So  also  the  electromotive  force  developed  in  the  turn  is 
independent  of  the  nature  of  the  metal  of  the  wire,  but  as  the 
effect  produced  depends  on  the  resistances  as  well  as  the  electro- 
motive force,  wire  of  high  conductivity  ought  to  be  used;  it 
will  also  develop  less  internal  heat.  It  is,  however,  a  question 
whether  iron  may  not  form  an  exception  to  this,  because  being 
magnetic  it  would  absorb  energy  itself,  and  thus  increase  the 
electromotive  force  it  could  develop,  but  it  is  doubtful  wheth^ 
this  would  counterbalance  the  disadvantage  of  the  extra  re- 
sistance. 

972.  Coils  may  be  united  as  cells  are,  and  upon  the  same 
laws,  and  it  would  seem  that  more  effect  would  be  obtained 
from  the  same  materials  and  currents  applied  in  four  coils  of  a 
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foot  long  than  in  one  single  coil,  but  coils  to  be  so  coupled 
would  require  very  perfect  insulation.  They  may  also  be 
joined  in  multiple  arc,  and  so  increase  the  quantity,  or  thick- 
ness of  spark,  but  the  coils  must  be  similar  in  construction  and 
force.  In  these  cases  each  coil  should  have  its  own  battery,  but 
all  the  breaks  should  be  screwed  down,  and  a  separate  single 
break  inserted  in  a  common  return  wire  so  as  to  act  on  all  at 
once. 

97 J.  Mounting  Coils.— In  Fig.  113,  <J  is  a  slab  of  glass, 
ebonite,  or  prepared  wood,  fixed  upon  the  ends  of  the  reel, 
forming  a  frame  the  sides  of  which  may  be  advantageously 
closed  with  glass,  so  as  to  protect  the  coil  from  damage  by  dust 
and  damp ;  a  tube  in  the  middle  of  d  carries  a  rising  table  of 
ebonite ;  and  the  two  pillars  +  and  —  connected  to  the  terminals 
of  the  secondary,  constitute  a  universal  discharger ;  they  are,  in 
fact,  an  elongated  binding-screw,  to  which  wires  to  any  apparatus 
may  be  attached.  They  terminate  at  the  top  with  a  spherical 
socket,  forming  a  universal  joint.  The  rods,  carrying  wires,  <fec., 
slide  in  a  tube,  so  that  their  distance,  position,  &c.,  are  under 
perfect  control. 

In  most  coils  these  pillars,  or  insulated  binding-screws,  are 
placed  on  the  stand  at  the  end  or  the  side  of  the  coil,  but  the 
arrangement  shown  is  much  more  convenient  for  large  coils. 
The  two  ends  of  the  primary 
pass  down  through  the  stand 
outside  the  end  of  the  reel  at  6, 
the  inner  is  connected  to  the 
spring  of  the  break,  and  by  it 
to  the  binding-screw,  as  shown : 
the  outer  end  goes  direct  to  the 
other  binding-screw. 

974.  It  is,  however,  better  to 
have  a  commutator  on  the  stand 
to  reverse  or  cut  off  connection 
with  the  battery.  The  best 
construction  for  this  purpose  is 
shown  in  full-size  section,  Fig. 
115;  e  is  a  circular  or  elliptic 
block  of  wood  or  ebonite,  with 
a  cheek  on  each  side  projecting 
beyond  opposite  ends  of  the  dia- 
meter to  aflford  a  fastening  for 
the  metal  portion.  This  consists  of  two  similar  pieces  of 
brass,  c  d,  which  may  be  built  up  of  several  parts  or  cast  in 
one,  as  shown.    These  form  the  axis  on  which  the  apparatus 
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moves,  and  each  of  them  being  continned  np  one  side  and 
across  the  end  of  e,  forms  a  pam  between  two  springs  touch- 
ing them.  The  cylinder  is  supported  in  two  bracketa,  as 
shown  in  dotted  lines,  and  to  these  brackets  are  also  secured 
springs  -|-  and  — ,  which  being  connected  to  the  battery  binding* 
screws,  bring  the  current  to  the  commutator.  Two  other  springs 
a  h  convey  the  current  away,  either  being  made  positive  accord- 
ing to  the  direction  in  which  the  handle  is  turned.  When  this 
is  vertical,  the  current  is  cut  off  altogether.  These  springs 
should  be  fixed  to  small  brackets  with  stems  to  pass  through 
the  foundation  plate  of  the  instrument,  and  are  to  be  used  in 
place  of  the  principal  bindingnscrews  for  all  connections  directed 
to  be  made  to  these. 

975.  Noted  Coils. — (i)  Bhumhorff  has  constructed  some,  con- 
taining about  60  miles  of  secondary,  which  with  i  Bunsen  cell 
gave  3^  inches  spark,  and  i6  inches  with  7  cells. 

(2)  Ritchie  made  one  for  Oassiot,  the  core  18  inches,  if  dia- 
meter ;  the  wire  covered  with  guttapercha  ^  thick  ;  the  primary, 
9  gti^gOf  150  feet  in  three  layers.  The  secondary  m  three 
cylinders,  each  j  inches  long,  made  of  guttapercha  ^  thick ;  the 
wire  of  the  middle  one,  32  gauge,  22,500  feet  long;  the  o^ers 
of  J 3,  each  25,575  feet.  There  are  three  condensers,  of  50,  100, 
and  150  feet,  capable  of  combination.     With  5  Bunsens,  each 


coil  gave  a  spark  ofj  inches ;  the  three  gave  i2|-  inches. 

(3)  Siemena  and  Halske, — Made  with  a  great  number  of  par- 
titions of  sheet  ebonite,  contained  80  miles  of  secondary,  and 
gave  sparks  from  i  to  2  feet  in  length. 

(4)  Yeate8\ — ^In  two  compartments;  core,  22  inches  by  if; 
primary,  12  gauge  in  2  layers ;  secondary.  No.  36,  in  55  Layers, 
making  55,000  turns,  insulated  with  guttapercha  tissue  and 
paraffined  paper,  loi  miles  in  length,  and  io|  lb.  in  weight; 
condenser,  66  sheets  of  foil  11  x  29,  with  paraffined  paper. 
With  5  Grove  cells  it  gave  I2|  inches  spark. 

(5)  LttMs. — Core,  i  foot  long,  i'8  inch  diameter;  primary, 
12  gauge,  50 yards  in  three  layers:  secondary,  3  miles.  No.  35, 
in  Gkyers  from  end  to  end,  each  separated  with  five  or  six  sheets 
of  guttapercha  tissue;  condenser,  50  sheets  of  foil  18  x  8  on 
varnished  paper :  gives  5  inches  spark  with  5  Bunsens.  One 
constructed  for  Dr.  Bobinson,  with  two  secondary  ooils,  each 
5690  yards,  or  together,  6  miles  820  yaitls,  is  said  to  give 
sparks  2*04  inches  with  one  cell;  5*06  with  two;  6*45  with 
three ;  7  * 65  with  four ;  and  8*38  with  five  cells. 

(6)  The  polytechnic. — Length  from  end  to  end,  9  feet  10  inches ; 
diameter,  2  feet ;  weight,  15  cwt.,  containing  477  lb.  of  ebonite. 
The  core,  5  feet  long,  of  No.  16  wire,  4  inches  dimeter,  123  lb. 
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The  primary,  145  lb. of  13  ('0925)  3770  yards, making 600  turns 
in  strands  of  3,  6,  and  12  wires  ;  total  resistance,  2*2014  ohms. 

The  secondary,  606  lb.,  150  miles  long,  and  resistance  33,560 
ohms,  on  an  ebonite  tube  i  inch  thick  and  8  feet  long,  the  coil 
itself  occupying  54  inches  in  the  middle  of  the  tube. 

The  condenser  is  in  six  parts,  each  containing  125  square  feet 
of  foil.  The  foil  gave  12-inch  sparks  with  5  large  Bnnsens, 
and  29  inches  with  50  cells.  Particulars  of  experiments  m&j 
be  found  in  No.  513  of  the  OhemiccU  News,  Sept.  24,  1869.  This 
coil  did  not  endure  long  and  is  broken  up. 

(7)  SpoUi8UH>ode*8. — This,  made  by  Apps,  has  two  inducing 
systems,  (i)  for  long  thin  sparks,  core,  44  X  3*5  inches,  weigh- 
ing 67  lb. ;  primary,  660  yards  of  ^096  wire,  weighing  55  lb.,  in 
6  layers  and  1344  turns,  with  resistance  2*3  ohms.  (2)  Core, 
44  X  3  *  8  inches,  weighing  92  lb.  Wire,  504  yards,  weighing 
84  lb.,  in  3  layers,  each  forming  a  distinct  circuit. 

The  secondary  is  280  miles  long,  with  resistance  110,200 
ohms.  It  is  in  4  sections,  with  200  layers  in  each,  and  a  total 
of  341,850  turns. 

The  condenser  is  126  sheets  of  foil,  18x8^  inches,  separated 
by  varnished  paper  •on  thick.  With  5  quart  Grove  cells  a 
spark  of  28  inches  is  obtained,  35  inches  with  10,  and  42  with 
30  cells. 

(8)  Mr.  J.  Brown  of  Belfast  has  made  a  coil  on  the  disk  plan, 
giving  very  good  results.  The  core,  18  X  i'5  inch  of  No.  22 
charcoal  wire,  has  a  primary  of  •  i  wire,  7^  yards  in  3  layers, 
making  460  turns,  in  a  vulcanite  tube  i  inch  thick. 

The  secondary  is  5  lb.  ^  oz.  No.  36,  and  7  oz.  No.  35,  5^  miles 
long,  with  5310  ohms  resistance,  wound  in  44  disks,  each  about 
3-32nds  or  *  i  inch  thick ;  those  in  the  middle,  3  inch  internal 
diameter  and  5*5  external;  at  the  ends  3*25  and  5.  The  wire 
was  wound  on  through  melted  parafiSba  and  the  disks  made  of 
four  thicknesses  of  thin  unsized  paper,  and  the  secondary  only 
occupied  5  *  5  inches  of  the  middle  part  of  the  core. 

The  condenser  is  48  sheets,  9  x  6i^,  separated  by  2  sheets  of 
paraffined  paper. 

Sparks  of  5^  inches  were  obtained  at  first,  l^t  by  covering 
the  secondary  with  3-8ths  of  paraffin,  they  were  increased  to 
8  inches  with  5  Groves. 

976.  Medical  Coils. — These  depend  on  the  same  principles 
as  induction  coils,  but  they  are  made  to  give  pulsations  of  com- 
paratively small  force  but  of  larger  quantity.  For  this  purpose 
the  *'  extra "  current  of  the  primary  itself  should  be  utilized, 
and  stouter  secondary  wires  employed.  A  great  variety  of 
arrangements  are  employed,  vertical  and  horizontal.    Fig.  116 
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shows  the  most  convenient  plan,  in  which  a  current  in  one 
direction  only  (that  of  breaking  circuit)  is  given  oflf:  By  means 
of  the  commutator,  which  employs  diflFerent  lengths  of  wire,  the 
energy  can  be  varied,  and  the  sliding  tube  over  the  core 
controls  the  force  of  the  shock  produced,  with  the  greatest 
nicety.  The  action  of  this  tube  is,  practically,  to  shorten  the 
core  as  far  as  it  covers  it,  so  far  as  its  inductive  reactions  are 
concerned,  by  enabling  the  induced  current  to  form  in  the  tube 
itself  instead  of  in  the  wire  outside  it.  The  following  particulars 
i-elate  to  a  coil  6  inches  long  in  the  core. 

On  a  mandril  about  an  inch  diameter,  slightly  tapering,  make 
a  pasteboard  tube  of  three  or  four  thicknesses  of  brown  paper, 
and  form  a  reel  by  gluing  on  this  two  turned  ends  of  3  inches 
diameter,  leaving  a  space  of  5  inches  between  them.  There 
should  be  a  groove  on  the  inner  faces  of  the  ends  towards  the 
edge  which  is  to  be  secured  on  the  stand  (and  which  is  there 
slightly  flattened)  for  the  wire  ends  to  lie  in.  Lay  on  four 
continuous  layers  of  No.  18  cotton-covered  wire,  and  bring  out 
several  inches  of  the  ends,  calling  the  inner  end  i,  and  the 
outer  end  2.  To  2,  just  where  it  leaves  the  coil,  join  a  length 
of  No.  22  or  24  wire,  which  will  commence  the  secondary ;  when 
four  layers  of  this  are  placed,  bring  out  the  end,  calling  it 
No.  3,  and  joining  to  it,  as  before,  a  continuation  of  No.  26  or 
28,  calling  its  outer  end  No.  4 ;  to  which,  if  desired,  a  further 
length  of  finer  wire  may  be  added.  All  the  wires  may  be 
cotton-covered,  and  should  be  soaked  with  paraffin  before  or 
after  laying. 

Fig.  116. 


A  brass  tube  t  is  cut  to  slide  freely  within  the  primary  tube, 
and  at  one  end  a  thin  piece  of  metal  is  soldered  witnin  it,  to  serve 
as  a  stop ;  a  bundle  of  soft  wires  is  then  packed  within  the 
tube,  and  a  ring  fitted  upon  its  inner  end  to  abut  agaimst  that 
just  described,  and  prevent  the  tube  from  being  diuwn  entirely 
off  the  core  by  the  handle  t,  fitted  to  the  tube  itself  at  the  same 
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end ;  the  other  end  of  the  core  is  then  passed  through  and 
secured  to  the  farther  end  of  the  coil  b,  by  wedging  and 
cement,  and  trimmed  off  smooth  to  work  the  break  &,  which  is 
similar  to  that  described  §  963.  Fig.  116  explains  the  connec- 
tions :  -f-  and  —  are  the  battery  screws ;  -f*  is  connected  to  the 
screw  of  the  break,  and  the  inner  end  of  the  primary,  i ,  is  con- 
nected to  the  spring,  which  is  also  connected  to  «  — ,  one  of  the 
secondary  binding-screws;  the  end  2  of  the  primary  is  con- 
nected to  —  for  the  battery  circuit,  and  also  to  the  first  stud  of 
the  commutator  for  the  secondary  circuit.  The  secondary  wire 
is  shown  in  stages  and  numbered;  it  begins  at  2,  by  being 
soldered  to  the  end  of  the  primary ;  the  ends  of  the  various 
lengths,  3,  4)  5)  are  taken  to  successiye  studs  of  the  commutator, 
the  central  spring  of  which  is  connected  to  «  +•  The  com- 
mutator takes  up  either  the  **  extra  "  current  from  the  primary, 
or  that  with  the  added  effect  of  the  lengths  of  secondary,  accord- 
ing to  the  stud  on  which  the  spring  is  placed.  As  arranged, 
that  secondary  binding-screw  will  be  -|-,  which  is  on  the  same 
side  as  the  primary  screw  connected  to  the  -{-  pole  of  the 
battery :  the  current  taken  up  is  in  the  same  direction  as  that 
of  the  battery,  in  the  eoi7,  therefore  if  the  inner  end  of  the  wire 
is  so  connected  as  shown,  the  outer  end  is  of  course  the  -{-  con- 
ductor from  the  coil.  The  effect  of  this  mode  of  connection  is, 
that  when  contact  is  made,  the  battery  offers  a  path  of  much 
lower  resistance  than  the  body ;  therefore  the  current  induced 
at  making  contact  does  not  pass  through  the  body,  which, 
transmitting  only  the  current  of  breaking  circuit,  is  subjected 
only  to  the  influence  of  a  current  in  one  direction.  This  is 
considered  of  great  importance  in  some  cases,  but  it  is  extremely 
doubtful  whetiier  the  action  of  coils  is  a  truly  electrical  one  at 
all,  as  to  its  medical  effects :  it  seems  probable  that  these  are 
principally  due  to  the  muscular  contractions  and  releases,  to  the 
internal  frictions  and  motions  thus  produced,  and  consequent 
disturbance  of  congestions,  and  stimulation  of  the  nerves.  Care 
should  be  taken  to  avoid  violent  shocks  or  pain,  and  it  is 
important  that  the  break  should  work  with  a  soft  hum,  not 
with  violent  jerks,  This  is  why  the  action  of  coils  is  superior 
to  the  more  jerky  shock  given  by  magneto  machines. 

977.  SmaU  coils  may  be  made  to  be  carried  in  the  pocket, 
such  as  are  made  by  Gaiffe  of  Paris,  and  others,  worked  by  one 
or  two  chloride  of  silver  cells,  §  239,  fitted  up  in  ebonite 
cylinders  with  caps  to  screw  on,  and  working  by  the  liquid 
soaked  up  in  paper  between  and  round  the  plates.  In  these 
the  connections  are  made  by  studs  of  metal  pressing  against 
springs  fixed  on  the  inside  of  the  outer  case^  the  vibrating 
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spring  of  the  coil  is  similarly  attached  to  the  case,  and  the  ooil 
itself  is  loose  and  makes  its  connections  by  the  act  of  placing  in 
the  case;  those  of  the  conductors  are  made  by  split  wires,  at 
the  end  of  the  flexible  wire  cords,  which  are  pushed  into  metal 
tubes  let  into  the  case,  and  the  graduating  tube  works  throngh 
a  hole  in  the  side.  Such  coils  may  be  made  even  2  inches  in 
length,  with  primary  of  22  wire  and  secondary  of  30,  all  silk- 
covered  and  paraffined;  the  vibrating  spring  being  made  of 
thin  watch-spring. 

978.  Management  of  Wires. — This  is  of  great  importance, 
especially  in  constructing  coils.  The  greatest  care  is  requisite, 
for  there  is  little  satisfaction  in  spending  much  time  and  labour 
in  winding  up  a  great  length  of  wire,  and  then  discovering  that 
there  is  a  break  in  it  at  some  unknown  point.  The  following 
precautions,  though  very  troublesome,  will  well  repay  the 
trouble. 

(i)  Test  each  reel  of  wire  for  continuity:  sellers  rarely 
furnish  reels  in  which  the  wire  is  continuous  from  one  end  to 
the  other.  The  test  requires  a  delicate  astatic  galvanometer 
and  a  cell  to  send  current  through  the  wire. 

(2)  If  not  continuous,  wind  upon  a  fresh  reel,  passing  the 
wire  through  the  fingers  and  carefully  watching  it.  It  is  best 
to  use  a  tin  reel  for  this  purpose,  or,  at  all  events,  to  use  a 
metallic  axis  against  which  a  spring  can  be  placed,  soldering 
the  beginning  of  the  wire  to  the  reeL  By  this  means  a 
permanent  test  can  be  kept  up,  and  measurement  of  resistance, 
length,  &c.,  can  be  made  at  any  time. 

(3)  It  is  desirable  in  many  cases  to  paraffin  the  wire.  It 
should  be  first  well  baked  till  all  moisture  is  driven  off,  and 
while  hot  should  be  dipped  into  the  melted  paraffin,  or  this 
may  be  poured  over  it.  For  fine  wires  the  paraffiin  may  be 
thinned  with  turpentine,  or  benzoline,  which  will  prevent  the 
wire  from  being  much  enlarged.  It  is  desirable  to  warm  the 
reel  of  wire  when  it  is  about  to  be  used  so  as  to  soften  the 
material. 

{4)  The  paraffin  may  be  applied  while  winding,  by  passing 
it  under  a  roller  at  the  bottom  of  a  tin  vessel  containing  the 
paraffin  kept  melted,  and  through  a  hole  in  a  cork  as  it  leaves 
the  vessel  to  remove  excess ;  the  wire  ought  to  be  well  dried 
just  beforehand. 

(5)  The  resistance  of  the  wires  should  be  taken,  and  noted ; 
then  by  measuring  that  of  a  known  length,  the  length  of  wire 
used  for  any  purpose  may  be  nearly  ascertained. 

(6)  In  winding  up  coils,  &c.,  it  is  very  desirable  to  ascertain 
the  exact  number  of  turns  the  wire  makes :  this  may  be  done 
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with  a  revolution  counter,  easily  made  up  from  such  wheels  as 
are  used  in  gas-meter  indices.  This  may  be  actuated  either  by 
an  attachment  direct  to  the  end  of  the  axis  of  revolution,  or  by 
an  electro-magnet  actuated  at  each  revolution  by  an  ordinary 
circuit-closer.  The  best  plan  is  to  have  a  worm  cut  on  the 
winding  axis,  to  work  in  a  wheel  with  lOO  teeth,  then  the  rest 
of  the  work  can  be  fitted  up  with  wheels  as  used  in  meter 
indices. 

(7)  With  fine  wires  a  constant  test  for  continuity  should  be 
maintained.  The  beginning  of  the  wire  of  the  instrument 
should  be  connected  to  a  metallic  cylinder  on  the  axis,  against 
which  a  spring  should  press,  as  in  (2)  above.  This  spring  and 
that  of  the  wire  reel  are  connected  to  a  galvanometer  and  a 
battery :  if  a  commutator  is  used,  the  current  need  not  be  con- 
tinuous, but  a  test  current  can  be  sent  through  at  intervals,  or 
on  completing  each  layer.  This  affords  also  a  check  upon  the 
insulation,  as  any  accidental  contact  will  reduce  the  resistance, 
which  ought  to  increase  continually  as  the  wire  is  strained  by 
winding. 

(8)  All  joints  should  be  carefully  made,  stripping  the  wire, 
cleaning  it,  tapering  the  ends  and  tinning  them;  fine  wires 
should  then  be  carefully  twisted  together  and  soldered,  which 
is  best  done  by  means  of  a  piece  of  No.  lo  copper  wire  in  a 
handle.  If  this  wire  crosses  a  gas  flame,  the  point  beyond 
(being  well  tinned)  will  act  as  a  convenient  soldering-iron  for 
very  fine  work.  The  joint  should  be  carefully  covered  without 
increasing  the  size  of  the  wire ;  this  may  be  effected  by  rubbing 
the  warmed  wire  with  a  stick  of  cement  made  of  guttapercha 
and  resin  melted  together.  Only  resin  should  be  used  as  the 
flux  in  soldering  wires. 
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CHAPTER  XIII. 

fiLKCTRIC  LIGHTING. 

979.  The  study  of  light  involves  four  distinct  considerations  : 
(i)  The  phenomena  of  its  ongin.  (2)  The  mode  of  its  trans* 
mission.  (3)  The  nature  of  its  perception.  (4)  The  energy- 
expended  in  its  origin  and  absorbed  in  its  perception  and 
actions.  Although  it  would  be  out  of  place  to  examine  here 
the  whole  subject  of  light,  it  is  necessary  to  clearly  define 
these  points  in  order  to  comprehend  the  production  of  light  by 
electricity,  and  especially  the  economic  aspects  of  this  subject. 

980.  Light  is  not  a  thing  having  any  existence  of  its  own,  it 
is  an  action,  a  motion  of  vibration.  In  fact,  light  as  it  is 
commonly  conceived,  has  no  existence  at  aU  outside  of  our  percep- 
tions. The  light  is  in  the  eye,  it  is  a  sensation  produced  by  a 
rhythmic  motion,  which  other  organs  perceive  in  a  different 
form,  which  we  may  know  by  other  names. 

981.  Motion  may  be  irregular  and  indefinite,  or  it  may  be 
rhythmic ;  it  may  be  in  straight  lines,  deflected  in  any  direo- 
tion  by  obstacles,  as  radiant  energy :  or  it  may,  when  due  to 
two  co-acting  forces,  be  vibratory  like  that  of  a  pendulum. 
Undulatory  or  wave  motion  is  of  this  latter  order,  and  is 
rhythmic ;  that  is  to  say,  its  vibrations  are  of  equal  intervals. 
Thus  a  pendulum  swings  in  exactly  the  same  time,  whether  its 
swing  be  merely  perceptible,  or  ranging  over  nearly  the  semi- 
circle. But  here  it  must  be  noted  that  this  applies  to  the 
theoretical  pendulum,  swinging  in  vacuo  without  friction ;  the 
actual  pendulum  is  influenced  by  a  retarding  action  which 
makes  each  successive  motion  vary,  unless  a  force  lifts  it,  at 
each  interval,  to  its  starting  height,  as  is  done  in  docks.  This 
same  principle  applies  to  many  general  laws;  they  must  be 
accepted  as  related  to  theoretical  conditions  which  cannot  be 
actually  realized. 

982.  Such  a  rhythmic  motion  we  can  observe  itt'the  simplest 
form  when  we  throw  a  stone  into  a  pool  of  water,  and  produce 
a  set  of  circular  waves,  which  are  reflected  from  the  edges,  and 
ultimately  lost  in  an  apparent  confusion,  which  is  really  perfect 
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order,  bnt  too  manifold  for  our  eyee  to  distinguish :  we  can  see 
the  waves  crossing  each  other,  neutralizing  each  other  as  they 
cross,  yet  each  remaining  unaffected ;  we  can  see  in  this,  that 
each  molecule  of  the  water,  while  itself  merely  rising  and 
sinking  in  a  vertical  direction,  may  be  subjected  to  and  transmit 
many  stresses  in  different  directions. 

983.  Sound  is  BVLoh  another  rhythmic  motion  of  the  particles  of 
air  and  other  matter,  which  becomes  what  we  call  sound  only 
in  the  act  of  perception  ;  in  the  intermediate  space  it  is  merely 
a  vibrating  motion,  which  another  perception  translates  into  a 
succession  of  blows,  as  when  we  lay  our  finger  on  a  sounding 
board.  It  will  be  understood  therefore,  that  we  can  really  see 
and  feel  sound,  and  this  will  illustrate  the  meaning  of  §  980. 
As  there  said  of  lights  so  now  we  may  say  of  sounds  that  it  has  no 
real  existence.  What  really  exists  is  motion ;  it  only  becomes 
sound  by  the  perceptive  action  of  our  nerves  of  hearing,  and  it  is 
the  same  with  the  more  refined  motion  which  our  optic  nerves 
translate  as  light. 

MuficcU  sounds  are  definite  rhythmic  motions,  and  each  note  of 
the  musical  scale  means  a  fixed  number  of  vibrations  per  second ; 
the  strings  of  a  piano  are  each  of  such  a  weight  and  strain  as 
compel  them  to  make  this  fixed  rate  of  vibration,  which  is  then 
transmitted  through  the  air,  and  felt  by  our  ears.  The  particles 
of  air,  like  the  particles  of  water,  §  982.  can  thus  take  part  in 
many  motions,  and  transmit  each  unchanged ;  the  quality,  or 
pitch  of  each  specific  note  is  related  to  the  number  of  such 
swinging  motions  per  second,  while  the  loudness  depends  upon 
the  amplitude,  or  width  of  the  swing ;  two  things  analogous  to 
the  length  of  the  pendulum  and  its  consequent  period  of  swing, 
and  to  the  height  to  which  it  may  be  lifted  and  fall  through. 

984.  Sound  has  a  reactive  power  also  :  if  we  sing  a  specific  note 
to  the  wires  of  a  piano,  the  corresponding  wire  will  take  up  the 
motion  and  reproduce  the  note ;  other  wires  which  are  harmonics^ 
that  is  vibrate  in  2,  3,  &c,  equal  times,  will  also  vibrate,  but  less 
powerfully. 

985.  Light  is  a  motion  still  more  refined;  so  rapid  that  it  is 
attributed  to  a  medium  more  delicate  than  matter,  the  ether ; 
though  matter  takes  up  and  is  affected  by  this  motion,  fiut 
light,  as  we  know  it,  is  not  a  simple  motion,  but  a  combination 
01  an  infinite  number  of  distinct  wave-motions,  uniting  together 
in  one  grand  harmony,  like  the  united  sound  of  an  orchestra, 
which  is  the  blending  of  a  multitude  of  separate  sounds,  each  of 
which  may  be  distinguished  among  the  united  volume  of 
sound. 

986.  In  light,  as  in  sounds,  we  can  distinguish  the  individual 
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rhythm  which  corresponds  to  a  note  in  music,  and  is  a  definite 
tint  of  colour  in  light.  This  analysis  of  light  is  effected  hy 
passing  a  ray  of  light  through  a  substance  which  acts  differently 
upon  each  wave-length,  that  is  to  say,  upon  a  triangular  piece 
of  glass,  or  other  substajice,  which  spreads  it  out  from  a  narrow 
line  of  mixed  light  into  a  coloured  hand,  known  as  the  spectrum, 
which  is  simply  a  series  of  lines  of  light,  each  of  a  apecifio  wave- 
length, blending  into  groups  of  similar  shades  to  form  the  seven 
colours  of  the  rainbow. 

987.  This  spectrum,  which  is  shown  in  Fig.   117,  may  he 


regarded  as  the  analogue  of  an  opening  across  the  front  of  a 
piano,  showing  the  row  of  wires.  The  white  vertical  lines 
show  certain  exactly  measured  lines  which  appear  as  dark  lines 
in  the  sun's  spectrum,  because  their  light  is  absent,  having  been 
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absorbed  in  passing  through  gaseous  bodies  in  the  sun's  atmo- 
sphere ;  the  figures  represent  wave-lengths  in  ten-millionths 
of  a  millimetre,  and  they  are  measured  by  the  thickness  of  the 
coloured  films  which  produce  them,  as  in  soap-bubbles. 

988.  These  dark  lines  are  due  to  the  same  action  as  that  of 
sound,  §  984*  Every  substance  in  nature  is  in  a  motion 
characteristic  of  itself!  The  specific  energy,  §  516,  of  each 
atom  is  doubtlessly  stored  in  the  form  of  this  motion,  either 
vibratory,  or  revolutionary,  which  would  act  as  a  vibration 
externally,  and  each  atom  has  a  specific  rate  of  motion,  just  as 
each  length  of  pendulum  has :  this  rate  is  altered  in  combination 
but  is  constant  for  each  physical  condition  of' the  substance. 
Each  atom  of  matter,  therefore,  when  it  acts  as  a  producer  of 
light,  gives  out  its  specific  light,  which  in  the  saseous  state  is 
in  the  form  of  bright  lines ;  the  line  D,  whi(£  is  really  two 
lines  with  an  intermediate  wave-length,  being  the  specific  line 
of  sodium ;  the  atom,  therefore,  takes  up  fi^m  light  its  own 
specific  motion,  and  the  sun's  light  (as  any  other),  in  passing 
throtigh  the  cooler  gaseous  atmosphere,  is  sifted  by  the  different 
substances  it  contains,  and  largely  deprived  of  those  particular 
rays.  It  is  thus  we  learn  what  substances  are  present  in  the  sun. 

989.  Just  as  in  sound  it  requires  a  certain  rate  of  vibration, 
of  above  27  per  second  to  be  appreciable  by  the  ear  as  a  note, 
and  as,  above  about  3520  vibrations,  sound  again  becomes  in- 
appreciable (and  inaudible  at  about  24,000),  these  being  the 
ranges  of  a  seven  octave  piano,  so  it  is  only  within  a  certain 
limit  that  the  undulations  of  radiant  energy  are  appreciated  as 
light  by  our  organs  of  sight,  which  may  be  said,  in  fact,  to 
convert  this  range  of  radiant  energy  into  light. 

990.  It  will  be  seen  from  Fig.  117  that  this  visible  spectrum 
extends  over  only  one  odaxe  of  light,  an  octave  being  a  doubled 
rate  of  vibration,  and  it  is  very  remarkable  that  the  wave- 
lengths of  the  middle  of  each  of  the  seven  colours  hold  relations 
almost,  if  not  truly,  identical  with  those  of  the  musical  jptmut ; 
but  what  we  are  concerned  with  is  that  the  spectrum  of  an  in- 
candescent solid  shows,  first,  a  range  of  rajs  which  do  not  act 
as  light,  then  the  graded  lights  or  colours  of  the  spectrum, 
and,  finally,  a  further  range,  invisible  as  light,  but  producing 
chemical  effects.  These  are  even  capable  of  becoming  visible 
when  received  upon  fluorescent  substances,  such  as  sulphate  of 
quinine,  which,  like  the  harmonic  notes  in  sound,  are  capable 
of  taking  up  these  vibrations  of  short  wave-length,  and  giving 
them  out  again  in  waves  of  greater  length,  which  then  affect 
the  eye,  as  §  1032  shows  that  the  heat-rays  may  be  similarly 
transformed  into  light. 
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991.  The  three  shaded  cnrves  of  Fig.  117  show  the  ranges  of 
what  used  to  be  considered  as  distinct  forces,  heat,  light,  and 
actinism.  We  know  now  that  no  such  distinction  exisU  in  the 
rays  themselves;  the  distinction  lies  wholly  in  the  substances 
which  absorb  the  rays,  and  the  different  effects  produced.  Thus, 
the  actinic  spectmm  represents  really  the  rays  which  were 
chiefly  absorbed  by  the  silver  salts  first  used  ;n  photography ; 
it  appears,  however,  that  chemical  actions  generally  require 
rays  of  short  wave-length,  while  the  molecular  motion  which 
we  call  heat  is  chiefly  produced  by  rays  of  greater  wave-length 
than  those  which  affect  the  eye  as  light. 

992.  Physical  state  affects  the  action  of  radiant  energy.  Thus^ 
§  q88  shows  that  in  the  gaseous  state,  in  which,  §  593,  the 
relations  of  matter  and  energy  are  most  simple,  each  form  of 
matter  will  only  generate  its  specific  ray  motion,  and  gases 
radiate  very  little  heat.  But  all  solids  can  give  out  rays  of  all 
orders,  and,  in  this  case,  the  rays  of  quick  vibration  cannot  be 
set  up  without  being  accompanied  by  all  the  slower  waves. 

093.  Possibly  the  best  conception  we  can  form  oA  this  subject 
will  be  attained  by  thinking  only  of  ''energy'*  charged  on 
vibrating  molecules;  this  is  really  mechanical  "work,"  and 
therefore  we  can  understand  the  meaning  of  the  "  mechanical 
equivalent  of  heat,*'  because  heat  is  the  measure  of  the  energy 
charged  upon  matter  in  this  state  of  motion  which  we  call  heat. 
Temperature  we  may  regard  as  the  density  cf  the  energy,  and 
diminished  wave-length  is  the  result  of,  and  corresponds  to, 
increasing  temperature  in  the  radiant  source.  But  as  '*  light  ** 
is  a  sensation  only,  there  can  be  no  ''  mechanical  equivalent  of 
light,"  except  in  the  form  of  the  heat  equivalent  belonging  to 
the  rays  which  produce  the  sensation,  and  which  also  produce 
the  effects  of  heat. 

994.  The  most  beautiful  illustration  of  these  principles  is  to 
be  obtained  from  the  electric  current  in  the  experiment  first 
published  by  Dr.  Draper.  If  we  adjust  a  platinum  wire  to  the 
slit  of  a  spectroscope  (whose  lenses  and  prisms  are  of  rock-salt 
or  quartz  crystal),  we  can  build  up  the  spectrum  of  Fig.  117 
by  passing  a  graduated  current.  As  the  wire  heats,  a  thermo- 
pile, movable  along  a  screen  on  which  the  spectrum  is  directed, 
will  show  heat  at  a  point  on  the  extreme  left,  but  none  on 
either  side  of  it :  now,  as  the  wire  is  slowly  raised  in  tempei-a- 
ture,  as  in  §  370,  heat  will  extend  towards  the  right,  and  the 
degree  of  it  will  rise,  as  the  curve  shows ;  but  this  is  not  the 
point  at  present  in  view,  which  is,  that  this  rise  of  the  quantity 
is  distinct  from  the  quality,  the  wave-length  exhibited  by  the 
position  in  the  spectrum  scale.    When  the  wire  begins  to  show 
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red,  this  colour  will  appear  on  the  screen  alone,  and  so  on,  as 
temperature  rises,  tint  after  tint  will  grow  out  like  rungs  added 
to  a  ladder,  till  the  visible  spectrum  is  completed  as  the  wire 
approaches  the  white  heat:  in  like  manner  the  ultra-violet 
spectrum  ^rows  out  as  the  heat  is  further  raised. 

995.  It  IS  easy  to  comprehend  this,  when  we  recognize  that 
the  transmission  of  current  means  molecular  motion;  that  as 
rate  of  current  increases,  rapidity  of  motion  increases,  and  that 
these  motions  are  propagated  as  corresponding  radiant  undula- 
tions in  surrounding  space.  It  follows,  also,  that  every  source 
of  light  has  its  specific  quality,  depending  upon  the  temperature 
to  which  the  light-giving  body  is  raised,  and  the  specific 
properties  of  that  body  as  to  the  proportion  in  which  it  can 
generate  rays  in  different  parts  of  the  spectrum. 

996.  Degrees  op  Temperature. — High  temperatures  are  veiy 
difficult  of  measurement,  but  it  is  likely  that  the  spectroscope 
will  give  information  on  them  before  long,  by  enabling  us  to 
measure  the  growing  heat  in  particular  lines  developed  from 
bodies  at  these  temperatures,  on  which  lines  Prof.  (>ova  has 
been  working,  §  1006.  The  following  table  gives  the  best 
information  at  present  attainable,  from  various  sources : — 

Table  of  Temperatures  ik  Degrees  Fahr. 


Absolute  zero  —373°  0.  —460 

Tin  melts +455 

Lead   „     620 

^mo     „     ..      ..      ..  793 

Bed  just  yiBible       ..  977 

n    dull 1390 

„    oherry,  dull     ..  1470 

„        „       full      ..  1650 

,,        „       clear    ..  1830 

Silver  melts       ..      ..  1833 

Ccut  iron  (white)  melts    1920 

Orange,  deep    ..      ..  2010 

„         clear   ..      ..  2190 

Cast-iron  (grey)  melts  2x90 

Gold  melts 2383 

White  beat       ..     ..  3370 


Steel  melts.,      .. 

0 
..     3370 

White,  bright  .. 

.     3550 

„       dazzling 

.     3730 

Wrought-iron  melU 

2913 

Platinum  melts,.      . 

.     3700 

Iridium       „  about  1 

?)  "400 

ITcanes  in  Hottest 

Part, 

Stearine  candle 

.     1735 

ParaflBn  lamp  ..     . 

.     1890 

Gasin  argand  ..      . 

.       3IOO 

Spirits  of  wine 

3160 

(xas  in  Bunsen 

.     3475 

(some  give  3500) 

(las  in  oxygen  ..     . 

.     3760 

Electric  azo      ..      . 

.     8700 

997.  Proportion  of  Energy  <u  lAgJU.—Two  results  follow  from 
the  conditions  of  §§  990-6.  Part  only  of  the  energy  expended 
in  raising  temperature  appears  as  light,  and  the  ratio  of  this 
part  increases  as  the  temperature  is  raised.  TyndaU  passed 
light  of  di£ferent  intensities  through  a  solution  of  iodine  in 
bisulphide  of  carbon,  which,  while  perfectly  opaque^is  diather- 
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manouB,  or  allows  heat-rays  to  pass,  while  absorbing  light-rajs 
entirely.    His  results  are : — 


Sonroe. 

Absorbed. 

Trans- 
mitted. 

Sonroe. 

Absorbed. 

Tnaui- 
mitted. 

Dark  spiral       .. 
Lfrwred  „ 
Hydrogen  flame 
Oil  flame  ,.      .. 

0 
0 
0 
3 

100 

100 

100 

97 

Oas  flame.. 
White-hot  spiral 
Electric  light    \ 
(50  cells)        / 

4 
4-6 

10 

96 

95-4 

90 

It  is  estimated  by  Siemens  that  in  an  arc  lamp  of  3300 
candles,  one-third  of  the  energy  becomes  luminous,  and  that 
the  incandescent  lamps  utilize  about  the  proportion  shown 
above  for  the  white-hot  spiral  of  platinum. 

998.  Qaa  consumption  teaches  the  same  lesson,  which  will  also 
be  found  in  the  working  of  incandescent  lamps.  If  we  divide 
the  feet  of  gas  burnt  by  the  candle-power  of  the  light,  we  find 
that  the  greater  the  quantity  of  gas  which  can  be  fairly  burnt 
in  a  single  flame,  the  lower  is  the  quantity  of  gas  per  candle- 
power.  The  standard  of  consumption  is  a  gas  which,  consumed 
m  a  defined  Argand  burner  at  the  rate  of  5  feet  per  hour,  gives 
16  candles'  light.  The  same  gas  burnt  in  badly  proportioned 
batswin^  and  fishtail  burners  may  only  give  10  candles  or  even 
lees.  Tne  rate  of  5  feet  per  16  candles  is  •  J125  per  candle ;  but 
250  candles  can  be  obtained  from  a  60  foot  burner,  which  is  only 
•204  per  candle,  and  even  better  results  are  obtained  firom 
Siemens'  regenerative  burner. 

999.  The  reason  is,  that  the  area  of  the  flame  is  lowered  and 
its  thickness  increased,  so  that  there  is  less  heat  radiated  off 
and  the  temperature  of  the  flame  is  higher ;  this,  also,  is  why 
the  cylindrical  flame  of  the  Argand,  caaed  in  by  the  hot  and 
n  on -transmitting  glass  tube,  gives  higher  efficiency  than  the 
exposed  flat  flame.  The  most  striking  illustration  of  this  is  the 
often-patented  double  burner :  if  we  attach  two  small  burners 
to  flexible  tubes,  and  allow  them  to  bum  side  by  side,  we  may 
note  the  light  effect ;  now  if  the  burners  are  inclined  to  eacm 
other,  so  that  the  flames  blend  in  one,  a  very  great  increase  of 
light  is  perceived.  But  this  increase  is  a  delusion,  so  far  as  the 
double  burner  is  concerned,  for  it  only  gives  the  same  result  as 
a  well-constructed  burner  consuming  the  same  gas  as  these  two. 
The  real  point  is,  that  the  putting  that  gas  into  two  burners 
reduces  the  light  it  can  give. 

1000.  Photometry. — The  measurement  of  light  is  effected  in 
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terms  of  a  Btandard,  or  unit  light,  and  is  based  on  the  law  of 
the  intensity  of  the  action  of  any  light  being  inversely  as  the 
square  of  its  distanoe.  The  simplest  mode  used  in  testing  gas 
is  by  the  Bunsen  photometer,  whioh  is  a  graduated  bar,  at  the 
two  ends  of  whioh  are  the  lights  to  be  compared.  A  screen  of 
white  paper,  with  a  greased  spot  in  the  middle  (or  vice  ««r«d), 
is  movable  on  the  bar,  until  the  spot  is  equally  visible  or 
undistinguishable  on  each  side ;  i.  e.  till  the  two  lights  have 
equal  power  on  it,  when  their  strengths  are  proportionate  to 
the  square  of  the  distances.  The  bar  being  graduated  in  terms 
of  the  standard,  the  strength  of  the  light  to  be  measured  is  read 
off  the  scale  at  once. 

100 1.  Hie  legal  unit  of  light  power,  in  the  case  of  gas,  is  a 
spermaceti  candle  of  6  to  the  pound,  burning  at  the  rate  of 
1 20  grains  per  hour.  But  the  candles  vary  in  quality  and  in 
rate  of  burning.  The  French  standard  is  the  Caroel  oil  lamp, 
which  equals  9-5  or  9*6  standard  candles. 

ICXD2.  Sug^s  Argand  gcis-humer  is  a  better  standard  for  large 
lights,  as  it  has  the  property  of  giving  16  candles'  light  from 
gas  of  all  qualities,  provided  the  flame  is  adjusted  to  exactly 
1  inches  in  height ;  of  12  candle  gas  it  requires  6*6  feet  per 
hour  to  produce  this  flame,  5  feet  of  16  candle,  4  of  20,  3*2  of  25, 
and  2  *  7  of  30  candle  gas,  such  as  is  produced  n'om  oannel  coal. 

1003.  Gas  lamps  of  much  greater  power  are  required  for 
measuring  powerful  arc  lights,  in  order  to  reduce  the  distance 
at  which  they  would  require  to  be  placed,  and  these  have 
to  be  themselves  tested.  But  the  measures  of  these  powerful 
lights  are  of  a  very  problematical  value  both  on  account  of 
the  difficulties  of  the  measurement  itself,  §  1007,  and  because 
no  arc  light  in  existence  remains  of  uniform  strength  from 
moment  to  moment. 

1004.  Electric  standards  have  been  proposed,  as  a  platinum 
wire  of  given  dimensions,  with  a  fixed  current  passing :  a 
number  of  these  might  be  arranged  to  give  a  large  light,  but 
each  wire  would  require  careftil  adjustment  as  to  current, 
because  no  two  pieces  of  platinum  are  alike ;  definite  alloys  of 
platinum  and  iridium  may  yet  enable  the  conditions  to  be 
attained.  Carbon  lamps  could  not  be  trusted,  because  of  their 
varying  value  by  lapse  of  time,  and  from  the  action  of  even  an 
invisible  film  of  carbon,  §  loi  i. 

1005.  Chemical  Photometry  may  prove  valuable,  as  many 
reactions,  such  as  those  of  photography,  will  give  exact  results. 
The  combination  of  equal  proportions  of  perfectly  pure  hydro- 
gen and  chlorine  has  been  utilized  in  the  photometer  of 
Bunsen  and  Eosooe,  but  it  really  gives  indications  of  the  ultra- 
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violet  rays,  rather  than  of  true  light,  and  in  fact  the  actinic 
curve  of  Fig.  1 17  is  obtained  from  this  reaction. 

Mercuric  chloride,  dissolved  in  oxalate  of  ammonium,  is 
reduced  to  mercurous  chloride  by  light;  but  this  also  is 
chiefly  by  the  ultra-violet  rays,  and  is  variable  with  the 
strength  of  the  solution. 

Iodide  of  nitrogen,  in  water  and  ammonia,  has  been  very 
recently  employed  by  M.  Antony  Guyard,  and  is  said  to  set  free 
nitrogen  in  proportion  to  the  light,  but  under  the  influence  of 
what  rays  is  not  yet  stated. 

1006.  Hie  best  me<uurement  of  light  will  probably  be  effected  by 
the  comparison,  not  of  the  total  lights  themselves,  but  of  some 
specific  part  of  the  spectrum,  such  as  the  D  line,  which  is 
present  in  all  lights,  and  represents  the  middle  of  the  most 
eflfective  portion.  If  a  chemical  reaction  of  such  a  line  could  be 
found,  and  conveniently  used,  it  would  give  a  quantitative 
measure.  By  passing  both  lights  through  similar  prisms,  and 
using  only  the  selected  rays  on  the  photometer,  useful  informa- 
tion would  be  obtained,  and  this  is  the  process  used  by  Pro£ 
Crova,  §  996, 

1007.  Powerffd  UgJUe  can  only  be  very  approximately  measured, 
because  they  cannot  be  compared  direct  with  the  standard 
candle,  on  account  of  the  great  length  of  bar  required,  and 
because  there  is  an  intrinsic  diflerence  in  colour :  even  in  com- 
paring the  candle  and  gas,  with  only  twentyfold  difference  in 
power,  and  close  likeness  in  colour,  two  observers  will  differi* 
and  when  the  difference  becomes  one  or  several  thousandfold, 
this  difference  is  serious. 

1008.  Absorption  or  Light. — In  §  994,  reference  is  made  to 
rock-salt  and  quartz.  Not  only  have  gases  their  specific  rate  of 
generation  and  absorption,  §  988,  but  aU  substances  have  a 
specific  relation  to  different  rays.  Thus  we  have  the  distinction 
of  opaque  and  transparent  bodies,  and  the  selective  power  ftH- 
colours.  But  even  iraneparent  substances  take  toll  upon  the 
passage  of  radiant  energy :  the  clearest  glass  takes  up  a  large 
portion  of  the  long-wave  rays,  as  well  as  the  ultra-violet 
Thus  we  have  the  use  of  glass  for  greenhouses,  which  prevents 
the  escape  of  radiant  heat,  while  admitting  the  sun*s  rayn; 
also,  with  a  sheet  of  glass  held  before  the  eyes  we  may  safely 
look  into  an  intensely  heated  furnace,  and  examine  the  actions 
going  on.  On  the  other  hand,  an  opaque  substance,  like  ebonite, 
permits  the  free  passage  of  the  rays  which  glass  absorbs,  see 
also  §  997,  and  rocknsalt  and  quartz  crystals  are  almost  the  only 
substances  which  are  nearly  indifferent  to  the  passage  of  all 
rays. 
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icx)9.  The  dbeorhing  power  of  glass  is  of  practioal  importance  in 
lighting,  thufi 

Clear  glass  absorbs lo  per  cent. 

White  ground 30   „      „ 

Opal 60   „      „ 

Coloured  glasses,  in  addition  to  the  absorption  of  the  glass 
itself,  take  up  the  rays  complementary  to  the  colour  transmitted, 
so  that  if  we  pass  a  light  through  first  It  blue  glass  and  then  a 
yellow  glass  scarcely  any  light  at  all  will  remain. 

1 010.  In  connection  with  this  subject  it  should  be  under- 
stood that  no  change  can  be  made  in  light  once  produced 
except  by  taking  some  of  the  rays  away.  We  may  give  a  tint 
to  an  arc  light  by  burning  a  substance  in  it,  thus  a  soda  salt 
will  give  3'ellowness  to  the  light ;  but  we  cannot  give  yellow- 
ness to  an  arc  light,  once  produced,  by  passing  it  through  any- 
thing; we  may  take  away  the  excess  of  violet  and  make  it 
appear  yellow,  but  in  so  doing  we  reduce  the  light. 

lOii.  Incandescent  electric  lights  are  subject  to  a  special 
absorbing  agent.  The  carbon  wire,  especially  when  over- 
heated, gives  off,  in  some  cases,  a  vapour  of  carbon  which  forms 
a  nearly  imperceptible  dark  film  upon  the  inner  face  of  the 
glass :  this  thin  carbon  film  has  extraordinary  absorbent  powers ; 
a  piece  of  glass  so  coated,  held  in  front  of  a  lamp  in  perfect 
action,  will  make  it  appear  like  a  red-hot  wire :  in  fact  when  a 
lamp  appears  to  be  giving  only  a  dull  glow,  this  is  the  most 
common  cause  of  the  failure. 

1012.  Distribution  of  Light.— Like  all  radiant  actions,  the 
intensity  of  light  varies  inversely  as  the  square  of  the  distance 
from  the  source.  This  is  the  necessary  consequence  of  the  fact 
that  the  surfaces  of  spheres  vary  as  the  square  of  their  rc^dii  ;  each 
point  in  space  is  part  of  the  surface  of  a  sphere,  formed  on  a 
radius  which  is  the  distance  of  the  light  source,  and  therefore 
as  the  light  is  divided  over  a  total  area  increased  as  the  square 
of  the  radius,  the  quantity  available  on  each  unit  of  area  must 
be  inversely  as  that  value. 

1013.  This  will  illustrate  the  idea  expressed  §  993.  A  source 
of  light  may  be  regarded  as  an  agent  for  converting  potential 
energy  into  kinetic  energy,  which  it  continually  radiates  away 
in  spherical  wttves.  This  energy  traverses  pure  space  with 
little,  if  any,  reduction,  though  it  is  absorbed  by  matter  under 
conditions  explained  §  988.  At  each  spherical  extension  the 
wave  is  spread  over  a  larger  area,  therefore  its  amplitude  or 
height  is  lowered,  and  the  energy  in  it  per  imit  of  area  is 
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reduced ;  that  is  to  say,  the  density  of  ihe  energy  is  lowered  in 
proportion  to  the  aquarls  of  the  distance  it  has  traversed. 

1014.  This  is  an  important  consideration  in  applying  light 
to  practical  use.  A  light  of  very  great  power  may  be  uselessly 
intense  at  one  part,  and  unequal  to  the  required  effect  at 
another.  As  a  rule  also,  several  lights  distributed  about  an  area 
are  better  than  an  equal  light  at  one  part,  l)ecause  they  break 
up  the  deep  shadows  a  single  light  must  throw.  A  very  intense 
light  is  also  injurious  to  the  sight :  it  is  said  that  we  need  not 
look  at  it,  neither  need  a  moth  fly  into  a  flame,  and  light  draws 
the  eye  to  it  as  the  flame  does  the  moth.  For  conveuience  it  is 
certain  that  a  small  light,  close  by,  is  preferable  even  to  the 
same  degree  of  light  from  a  distant  source :  it  is  also  certain 
that  better  results  are  obtained,  throughout  a  space,  from  lights 
evenly  distributed,  than  from  a  light  of  three  times  the  nominal 
power  at  a  single  point.  The  result  is  that  notwithstanding 
the  low  cost  per  candle  of  arc  lamps  of  great  power,  they  are 
unsuitable  for  internal  uses  and  less  economical  than  the  more 
costly  incandescent  lamps. 

1015.  Electbicity  as  a  Source  of  Light. — This  has  attracted 
great  attention  lately,  not  that  it  is  a  new  discovery,  for  Davy 
made  it  in  1 809,  and  exhibited  an  electric  arc  four  inches  long 
in  air  and  seven  in  va^uo.  Great  also  as  recent  improvements 
appear  to  be,  there  is  really  little  more  known  on  the  subject 
than  has  been  known  for  many  years ;  this  may  be  seen  from 
King's  specification  published  in  1846.  The  truth  of  the 
matter  is  that  electricity  was  too  dear  to  use  for  this  purpose 
until  the  dynamo  machine  became  a  practical  thing.  Then 
Jablochkoff  introduced  his  arc  "  candle  "  which  was  seen  by  all 
the  world  in  Paris  in  1878,  and  took  the  public  imagination  by 
its  claim  to  do  away  with  the  intricate  mechanism  of  the  light 
"  regulator  " ;  but  the  candle,  as  a  matter  of  fact,  had  objections  of 
its  own  of  much  greater  moment  than  those  it  professed  to  over- 
come. Public  ignorance  led  to  the  expectation  that  the  sup- 
posed new  light  was  to  utterly  supersede  gas,  and  the  state- 
ments made  by  or  attributed  to  Mr.  Edison  added  to  this 
delusion,  which  was  no  doubt  fostered  by  interested  people. 
The  result  was  a  perfect  panic  in  shares  of  the  gas  companies : 
lool.  stock  of  London  companies  which  in  January  1878 
were  worth  188,  had  fallen  to  160  in  January  1879,  and  I 
believe  went  down  to  140.  That  same  stock  in  January  1884 
was  at  250Z.  and  no  announcement  about  electricity  moves  it  iZ., 
while  the  electric  lighting  shares  are  a  sore  subject  to  a  good 
many  people. 

ioi6.  But  electric  lighting,  while  it  will  not  do  what  was 
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expected,  and  will  not  probably  supersede  gaa,  or  injure  the 
interests  of  the  gaa  companies,  has  a  great  and  important  field 
before  it,  which  it  will  cultivate  by  degrees.  Its  real  progress 
thus  far  has  consisted  in  practical  working  out  of  facts  well 
known  before,  and  in  the  elaborating  of  details,  now  important, 
but  which  were  not  studied  thoroughly  until  there  was  a 
prospect  of  their  being  of  some  value. 

1017.  The  electric  lighi  ia  not  produced  from  electricity.  This  is 
the  rock  upon  which  many  inventors  have  wrecked  themselves. 
Even  scientific  writers  often  speak  of  the  conversion  of  electricity 
into  light,  but  this  is  an  error,  as  shown  §  J5 1.  We  do  not  bum 
electricity  as  we  do  gas  or  oil  to  produce  light,  and  even  the  gas 
and  oil  are  not  converted  into  light,  but  into  carbonic  acid  and 
water ;  the  source  of  their  light  is  their  potential  energy,  set 
free  as  heat  in  the  act  of  combustion,  §  517.  The  process  by 
which  this  heat  gives  light  is  the  raising  to  white  heat  of  solid 
particles  of  carbon,  momentarily  set  free  from  their  combined 
hydrogen,  which  is  burnt  first,  those  particles  which  if  the  flame 
is  cooled,  appear  as  soot.  This  may  be  shown  by  a  Bunsen 
burner,  giving  a  blue  flame,  with  intense  heat  and  no  light, 
because  the  mixed  air  bums  the  whole  of  the  gas :  fine  dust  of 
any  kind,  but  especially  carbon,  as  lampblack  sprinkled  into 
the  flame,  at  once  makes  it  luminous. 

1 01 8.  Strange  as  it  may  sound,  the  process  of  generating 
light  is  identical  in  the  taUow  candle,  the  gas  flame,  the  electric  arc, 
and  the  incandescent  lamp ;  in  all  of  them  the  light  proceeds  from 
intensely  heated  particles  of  carbon. 

It  is  Energy  that  is  converted  into  light  in  cM  eases.  It  is  the 
cost  of  the  energy  and  its  density  in  each  kind  of  light,  which 
constitute  the  ratio  of  economy  and  efficiency.  We  may  even 
go  a  stage  further  and  say  that  the  process  of  developing  energy 
is  the  same  in  all  cases.  In  the  tallow  candle  we  have  a  crude 
gas  retort  in  the  wick,  which  draws  the  melted  fat  up  to  a 
point  at  which  it  is  exposed  to  a  heat  at  which  it  is  vaporized, 
and  then  burnt.  In  the  gas  factory  we  have  the  same  process, 
more  perfectly  carried  out,  and  a  purer  gas  produced.  The  fire 
of  the  steam  boiler  fulfils  the  same  function  for  the  electric 
light,  and  by  the  aid  of  the  dynamo  machine  eliminates  all 
the  material  residues,  and  delivers  pure  energy  at  the  point  of 
application. 

10 1 9.  Here  is  the  true  distinction  among  the  lights ;  with  the 
oil  ana  the  gas,  we  generate  the  energy  in  presence  of  the  waste 
materials  of  the  process,  and  a  large  part  of  the  energy  has  to  be 
expended  in  heating  and  carrying  away  the  resultant  water  and 
carbonic  acid,  and  the  residuary  nitrogen  of  the  air.     These 
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haye  to  be  equally  got  rid  of  in  the  electric  prooess,  but  it  is 
done  at  a  distance ;  therefore  we  are  not  limited  to  the  quantitj 
of  energy  contained,  potential,  in  the  matter  itself,  lees  that 
necessarily  lost ;  we  can  concentrate  the  energy  itself,  electricity 
is  its  vehicle,  instead  of  combined  matter,  and  surrenders  it  in 
the  act  of  lowering  its  potentiaL 

1020.  The  result  is  that  in   lighting  by  combustion,   the 
^  density  of  the  energy  "  is  limited,  and  in  each  case  can  only 

rise  to  the  temperatures  slio^wn  in 
the  table  of  flames,  §  996,  iwrhile, 
in  the  electric  light,  the  only  limit 
is  the  capacity  of  the  matter  in 
which  the  light  is  generated — ^the 
temperature  to  which  it  can  be 
raised.  This  brings  us  to  the  two 
systems  of  electric  lighting :  by  the 
are,  and  by  incandescence, 

102 1.  The  Voltaic  Arc. — ^This  is 
the  name  given  to  what  is  really  a 
constant  "brush  discharge."     That 
produced  by  friction  machines,  §  84, 
is   due  to  the  great  E  M  F   exist- 
ing between  the  conductors,  which 
breaks  down  the  great  resistance  of 
the  air:   it  is,  however,  a  current 
more  or  less  sustained,  and  gives  a 
light  proportioned    to    the  energy 
present  in  it,  and  related  (§  100)  to 
the  matter  in  the  space  and   that 
carried   from   the    poles.     The    arc 
forms  under   a  comparatively  low 
E  M  F,  which  is  compensated  by  the 
reduced  resistance  of  the  air,  due  to 
its  being  intensely  heated.     As  a 
consequence,  the  arc  cannot  be  de- 
veloped across  an  open  space;    it 
is  necessary  for  the  conductors  to  touch  so  that  the  current 
passes,  and  then  to  be  separated  gradually.    During  this  action, 
the  current  heats  the  air  and  vaporizes  a  portion  of  the  con- 
ductor, thus  filling  the  growing  interval  with  a  gaseous  con- 
ductor, and  with  a  light  proportioned  to  the  energy  transmitted 
to,  and  expended  in  this  conductor,  according  to  the  general 
law  of  C"  X  R. 

1022.  The  appearance  of  the  arc  is  shown,  Fi^.  118,  as  seen 
through  dark  glasses  by  aid  of  a  lens  which  magmfies  it. 


Digitized  by  VjOOQIC 


1025*]  PR0PBBTIB8  OT  THB  ABO.  561 

This  figure  shows  siioh  an  arc  as  is  obtained  with  the  old 
retort  carbons,  rather  than  with  the  best  modem  artificial  ones : 
the  globules  are  caused  by  the  silica,  iron,  and  sulphur  present 
in  £he  graphite,  from  which  the  prepared  carbon  is  partly 
purified.  The  +  carbon  is  usually  the  uppermost,  and  being 
the  more  highly  heated  by  the  current,  bums  away  the  most 
rapidly :  particles  of  it  are  carried  off  and  transferred,  as  in 
electrolysis,  to  the  —  carbon  which  forms  a  pointed  cone,  while 
the  4-  carbon  forms  a  hollow  crater  of  intense  brightness,  and 
acts  as  a  sort  of  condenser  to  throw  a  large  proportion  of  the 
Hght  downwards. 

1023.  Temj^aiure  of  ihe  arc. — The  latest  researches  give  a 
high  value  for  this,  and  Becquerel  found  it  2100°  centigrade; 
while  Bosetti,  after  numerous  experiments,  gives 

+  Carbon.         Arc.  —  Oarbon. 

With  80  Bunsens  2870        3500        2400  Cent. 
Maximum     ..        3900        4800        3150      „ 

It  is  evident  that  the  temperature  of  the  carbons  must  be 
varied  with  their  dimensions,  and  that  their  rate  of  combustion 
will  also  be  affected ;  but  it  is  stated  that  the  temperature  of 
the  arc  is  independent  of  its  thicknets  or  of  the  current  passing. 
On  the  other  hand,  it  is  lower  as  the  E  M  F  lowers  with  reduced 
number  of  cells,  which  would  reduce  the  length  of  the  iirc. 

The  most  refractory  minerals  fuse  and  volatilize  in  the  arc, 
and  even  iridium  softens,  and  if  not  pure  may  be  melted.  And 
as  it  dissociates  most  substances  and  reduces  them  to  the 
elementary  condition,  it  ia  the  most  powerful  instrument  of 
analysis  we  possess. 

1024.  The  light  of  ihe  are  is  compound,  consisting  of  the  pure 
white  light  from  the  incandescent  carbons,  and  the  specific 
bright  rays  of  the  incandescent  gases  of  the  arc  itself:  the  first 
of  uiese  is  even  whiter  than  sunlight,  because  this  has  lost  the 
rays  belonging  to  the  dark  lines  of  the  solar  spectrum,  and 
much  of  the  violet  end,  which  is  absorbed  in  passing  through 
the  atmosphere,  thus  leaving  an  excess  of  yellow  even  in 
sunlight,  which  excess  is  even  greater  in  gas  and  oil  fiames  in 
proportion  to  their  lower  temperature.  But  the  light  of  the  arc 
consists  of  a  faint  continuous  spectrum  from  the  incandescent 
solid  particles,  and  bright  rays  of  specific  gases,  nitrogen  and 
carbon,  which  are  principally  in  the  blue  and  violet :  these  give 
the  steel  or  aluminium  glitter  to  the  arc  light,  which  is  so 
ghastly  in  its  effects,  and  unfits  this  light  for  internal  domestic 
uses.    The  shorter  the  arc  space,  the  whiter  the  light  becomes. 

1023.  Colours  hy  arc  ligM. — ^A  consequence  of  this  is,  that 
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while  coloured  objects  are  brought  out  with  ^reat  Tividnefls, 
they  are  not  seen  in  either  natural  or  pleasant  tints.  At  first,  a 
great  advantage  was  claimed  for  the  electric  light  on  this  head, 
because  blues  and  greens  are  not  properly  seen  by  gaslight, 
owing  to  the  deficiency  of  the  blue  rays.  But  the  excess  of 
these  in  the  arc  has  its  own  drawbacks,  as  all  whites  and  meet 
light  colours  are  overborne,  because  they  reflect  all  the  rays  to 
some  extent  as  well  as  their  own  specific  colour.  This  is 
strikingly  seen  when  a  fruiterer's  shop  is  lighted  up  by  arc 
lights;  we  can  see  at  once  that  the  variously  coloured  fruits 
have  a  most  unnatural  and  harsh  appearance. 

1026.  Penetrating  power  depends  upon  the  intrinsic  brightness 
of  a  light,  and  upon  the  quality  of  the  rays  it  emits.  Intrinsic 
brightness  is  not  affected  by  distance,  that  is,  light  is  not 
abi^rbed  in  traversing  pure  space,  so  that  if  we  look  at  two 
exactly  equal  lights,  one  near  at  hand,  the  other  miles  away, 
through  a  pin  hole  which  is  fiilled  by  the  light,  but  limits  the 
active  area,  we  cannot  distinguish  them,  if  the  air  is  quite  dear. 
The  apparent  effect  of  lowered  brightness  is  due  to  the  different 
quantity  of  light  fEilling  on  the  opening  of  the  eye,  or  in  fact  to 
the  angle  filled  by  the  light.  But  in  passing  through  ordinary 
air,  the  fine  particles  of  dust  and  moisture  take  up  particular 
rays  and  diffuse  them,  which  is  the  cause  of  the  blueness  of  the 
s^  and  of  water.  The  electric  arc  light  is  ereatly  influenced  in 
this  way,  and  even  in  lighthouses,  where  the  vividness  of  the 
concentrated  beam  is  so  valuable,  it  is  found  to  fail  in  pene- 
trating power  when  fog  occurs. 

This  may  be  seen  on  Westminster  Bridge  whenever  the  night 
is  misty ;  the  road  along  the  Embankment  has  the  Jablochkoff 
candles  on  the  water  side,  and  the  common  gas  lamps  on  the 
other  side  of  the  road ;  at  a  certain  distance  they  become  in- 
distinguishable in  spite  of  the  great  difference  in  their  light 
power :  a  little  farther,  and  the  gas-lamps  may  be  seen  while  the 
others  disappear. 

1027.  The  reaietance  of  the  arc  has  been  very  differently 
valued.  Siemens  has  given  it  as  about  i  ohm ;  W.  H.  Preece 
I  to  3 ;  while  Ayrton  and  Perry,  with  varying  battery  power 
in  Bunsen  cells,  give  it  as  1 2  ohms  with  60  cells,  20  with  80, 
and  30  with  122,  growing  more  rapidly  than  the  resistance  of 
the  battery. 

The  reasons  of  these  differences  are,  (i)  that  there  is  probably 
a  counter  E  M  F  set  up,  dependent  on  the  work  done  in  the  arc, 
and  possibly  resembling  that  described  §  602  ;  (2)  the  resistance 
is  actually  a  function  of  the  current  itself,  and  the  values  are 
calculated,  not  actually  measured. 
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Schwendler  found  that  with  an  arc  of  fixed  length  the 
rmstance  varies  inversely  as  the  current:  this  is  readily  oom- 
prehended  when  we  see  that  increased  current  does  not  so  much 
affect  the  existing  arc  as  increase  its  sectional  area  by  intro- 
ducing more  conducting  material,  so  that  the  arc  acts  as  an 
expanding  pipe  would  with  water. 

An  elaborate  set  of  experiments  and  calculations  by  O. 
Prohlich  will  be  found  in  the  Electrician^  vol.  xi.p.  150,  which 
show  that  in  the  same  arc  the  resistance  may  vary  from  i  to 
40  ohms  according  to  the  current  passing. 

1028.  The  EMF  in  the  arc  varies  with  its  length,  and 
according  to  the  latest  experiments  of  Professors  Ayrton  and 
Perry,  as  a  curve  corresponding  to  that  of  •*  length  of  spark  " 
in  De  la  Bue's  experiments,  §101.  They  fonnd  that  an  arc  of 
one-tenth  of  an  inch  requires  60  volts,  increasing  quickly  up  to 
a  quarter  inch,  and  after  that  at  the  rate  of  54  volts  per  inch. 
The  experiments  of  Frohlich,  §  1027,  while  giving  a  very 
irregular  set  of  spots  approximating  to  a  slowly  rising  line,  are 
quite  consistent  with  such  a  curve. 

1029.  Products  of  the  arc. — Mr.  Wills  announced  the  produc- 
tion of  nitrous  acid  very  soon  after  the  introduction  of  the 
Jablochkoff  candle,  and  Professor  Dewar  gave  the  matter  a 
close  examination.  Besides  the  nitrous  acid,  of  which  Mr.  Wills 
collected  12  grains  per  hour  from  an  arc  lamp,  there  are  pro- 
duced acetylene  and  prussic  acid,  chiefly  at  the  -f-  carbon. 
Professor  Dewar  used  hoUow  carbons  to  draw  off  the  products 
of  the  arc  by  suction ;  it  does  not  follow,  therefore,  that  either 
of  these  products  escapes  to  any  great  extent,  as  they  would  be 
oxidized  towards  the  outer  surface  of  the  arc.  But  the  nitrous 
products  resulting  from  the  union  of  the  nitrogen  and  oxygen 
of  the  air,  and  most  probably  as  a  secondary  result  of  the 
oxidizing  of  the  prussic  acid,  must  pass  into  the  atmosphere. 
In  fact,  they  can  always  be  smelt  wherever  arc  lights  are 
burned  in  inclosed  spaces.  This  was  very  strongly  noticeable 
at  the  Crystal  Palace  Exhibition,  in  the  chamber  occupied  by 
the  Brush  Company :  it  is  probable,  that  in  this  case  the  effect 
was  partly  due  to  ozone  generated  by  the  sparking  of  the  several 
large  machines  at  work.  No  doubt  many  people  found  them- 
selves with  sore  throats  which  they  attributed  to  colds,  but  which 
were  really  due  to  these  nitrous  fumes.  This  ^5ubject  deserves 
attention,  because  much  injury  is  attributed  to  gas  because  of 
the  acids  produced  from  the  small  quantity  of  sulphur  it 
contains,  and  it  is  certain  that  nitrous  acid  can  be  no  less 
injurious,  while  most  of  the  carbons  contain  sulphur,  and  this 
is  also  converted  into  sulphurous  acid  in  the  arc.     Of  course. 
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there  is  carbonio  acid  also  produced  equivalent  to  the  carbon 
conBumed ;  as  ordinary  gas  contains  about  i  *  34  grains  of  carbon 
per  foot,  it  is  evident  that  in  the  arc  lamp  every  grain  of  carbon 
consumed  corresponds  to  '75  feet  of  gas  burnt  in  the  same 
time.  Therefore  5  feet  of  16  candle  gas  gives  per  candle  a 
consumption  of  grain  *4  per  candle  as  compared  with  the 
figures,  §  1046  for  cure  lamps. 

1030.  Application$  of  the  arc  light — It  is  best  suited  to  exterior 
purposes,  as  for  carrying  on  open-air  work  at  night :  it  is  also 
useful  in  factories,  where  a  general  illumination  is  required 
over  a  large  area,  rather  than  at  individual  points.  The  best 
mode  of  using  it  in  such  cases  is  under  a  curved  roof  or  screen 
for  a  reflector,  the  lights  themselves  being  suspended  under 
the  roof,  with  a  semi-transparent  reflector  below  them,  which 
prevents  the  lights  themselves  from  being  seen,  and  takes  up 
part  of  the  direct  rays,  and  distributes  them  to  a  distance  by 
direct  reflection  from  the  upper  surface. 

The  fluctuating  character  of  the  arc  light  renders  it  specially 
unfit  for  readinff-rooms,  as  being  injurious  to  the  signt  &om 
the  constantly  (manging  adjustment  of  the  eye  required :  the 
semi-incandescent  systems  would  be  far  preferable  to  the  pure 
arc,  while  inferior  to  the  purely  incandescent  lamps. 

103 1.  Position  of  the  carhom. — As  the  arc  is  formed  in  a  mass 
of  incandescent  vapours,  it  is  carried  upwards  by  the  ascension 
of  these,  §  1032,  whence,  in  fact,  came  the  name  of  arc  from 
the  <3urved  form  assumed  between  two  horizontal  conductors. 
Therefore,  the  position  of  the  two  carbons  affects  the  working 
of  the  light,  aaid  it  was  proved  long  ago  that,  placed  vertically 
over  each  other,  they  give  better  results  tnan  when  in  a 
horizontal  line. 

The  diitrilmtion  of  light  from  an  arc  lamp  is  not  uniform  in  all 
directions,  because  it  is  not  a  luminous  point,  and  as  the  lines 
of  light  issue  at  right  angles  to  the  siuface,  the  form  of  the 
carbons  influences  the  quantity  radiated  in  any  direction. 
Figs.  1 19  and  120  illustrate  this.  In  Fig.  1 19  the  carbons  are 
in  one  vertical  line,  -f-  uppermost,  as  in  Fig.  118,  so  that  equal 
difiPiision  takes  place  all  round  in  the  horizontal  line,  as  occurs 
also  with  the  two  tapering  points  produced  by  alternating 
currents,  which  also  give  a  more  equal  diffusion  in  other 
directions.  When  a  strong  beam  is  required  in  one  direction 
only,  and  reflectors  are  used,  as  in  lighthouses,  thet^urbons  may 
not  be  arranged  in  one  vertical  line,  but  with  the  front  of  the 
upper  carbon  in  a  line  with  the  middle  of  the  lower  one.  In 
this  case  the  hollow  crater  is  not  formed,  but  the  carbon  bums 
away  in  a  curve,  as  in  Fig.  120,  forming  a  background,  from 
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which  tho  light  is  thrown  mostly  towards  the  front ;  and  the 
light  is  steadier  also,  owing  to  the  more  regular  combustion. 
In  Mr.  Douglas's  experiments  at  the  South  Foreland  it  was 
found  that  with  this  arrangement  the  light  given,  taking  the 
direot  vertical  arrangement  as  lOO,  was : — 

East  or  front 287 

North  or  side n6 

South  or  side 116 

West  or  back 38 

Mean  =  139.  557 

When  an  interior  illumination  from  above  is  desired,  as  in 
§  1030,  the  +  carbon  should  be  below,  in  order  to  throw  the 
light  upwards. 


Fig.  119. 


Fig.  120. 


Fig.  121. 


1032.  Heat-Bats.— It  was  shown,  in  §  988,  that  the  light- 
giving  rays  could  be  sifted  out  from  the  total  radiation;  the 
remaining  heat-rays  mav  then  be  employed  to  reverse  the 
process  of  "  fluorescence, '  §  990,  as  they,  being  invisible  rays 
of  long  wave-length,  may  generate  rays  of  quick  vibration. 
Tyndall  did  this  by  condensine  them  upon  a  sheet  of  thin 
platinum  which  they  heated,  and  so  produced  a  distinct  picture 
of  the  carbons  and  arc,  drawn  in  degrees  of  light.  The  picture 
is  shown.  Fig.  121. 

It  will  be  seen  that  there  is  a  dark  space  between  the  two 
carbon  points;  this  space  corresponds  to  an  intensely  heated 
portion  of  the  arc  in  the  intervening  space,  while  the  lighter 
portions  represent  the  incandescent  carbons,  in  which  lower 
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temperature  prevails.  This  is  owing  to  the  incapacity  of  gases 
to  radiate  heat,  which,  therefore,  is  carried  away  by  convection, 
§  490,  in  a  stream  of  heated  air :  besides,  the  rays  in  this  space 
are  the  special  ones  of  the  gases  themselves,  and  light^giving 
in  so  far  as  they  can  be  radiated. 

1033.  Arc  Lamps. — It  is  evident  that,  in  order  to  maintain 
the  arc  in  uniform  condition,  some  means  must  be  adopted  to 
compensate  for  the  consumption  of  the  carbons :  if  this  con 
sumption  were  perfectly  regular,  a  mechanical  feed  might  be 
used  to  move  the  carbous  forward  at  the  same  rate  as  they  are 
consumed ;  and  even  ordinary  clock-work  could  be  made  to  do 
this  at  different  rates  corresponding  to  the  required  conditions 
of  light,  current,  &c.  But  the  carbons  do  not  bum  away 
uniformly,  and  every  little  irregularity  of  purity  or  texture 
varies  the  conditions  of  combustion,  and  distorts  the  form  and 
length  of  the  space  in  which  the  arc  exists.  The  object  of  the 
"  arc  lamps,"  or  regulators,  is  to  provide  this  varying  oompen- 
sation,  and  make  the  different  variations  correct  themselves. 
The  number  of  arc  lamps  is  so  great  and  increasing,  that  it  is 
impossible  to  attempt  any  description,  and  therefore  nothing 
further  will  be  attempted  than  a  general  explanation  of  the 
principles  of  action. 

1034.  There  are  two  distinct  systems  in  use.  ^i)  Oramiaiicn^ 
or  spring  pressure,  may  be  used  to  bring  the  caroons  together, 
and  then  the  apparatus  separates  them  so  as  to  fulfil  the  oon« 
ditions  of  §  102 1  :  then  the  weight  continues  the  feed,  controlled 
by  this  separating  action  set  up  by  the  magnetism  developed  by 
the  current  which  feeds  the  lamp.  (2)  The  differential  in- 
fluence of  two  magnetic  actions  of  the  current  may  be  utilised 
to  maintain  a  uniform  resistance  in  the  arc,  or  a  fixed  rate  of 
current,  or  preferably  a  fixed  difference  of  potentials,  which 
being  independent  of  the  currents,  enables  several  lamps  to  be 
worked  independently  on  one  circuit. 

1035.  In  the  most  elementaiy  form  of  regulator  the  upper 
carbon  slides  in  a  metal  clip  by  its  own  weight ;  one  side  of  the 
clip  is  connected  to  the  armature  of  an  electromagnet,  which 
causes  a  pressure  increasing  with  current,  so  that  when  the 
current  is  reduced  by  the  growing  resistance  of  the  lengthening 
arc  space,  the  pressure  diminishes,  and  the  carbon  sli^  do¥ni, 
till  the  growing  current  agnin  stops  its  motion. 

1036.  Serrin's  lamp,  which  was  the  best  and  almost  only  one 
in  use  before  the  revival  of  1878,  is  an  automatic  development 
of  this  simple  type.  The  +  or  upper  carbon  is  suspended 
from  a  rod  which  slides  vertically,  and  tends  to  descend  by  its 
own  weight;  the  lower  end  of  this  rod  is  a  rack  gearing  into 
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-wheelwork,  fitted  with  a  fly  to  control  this  desoent.  The 
—  carboA  is  also  fixed  on  a  sliding  rod,  which  is  so  worked  by 
a  chain  to  the  wheelwork,  that  it  ascends  through  half  the 
distance  throngh  which  the  other  falls,  so  as  to  keep  the 
carbon  points  at  one  leveL 

The  regulation  is  effected  by  a  rocking  frame,  difficult  to 
describe,  eyen  with  the  aid  of  a  diagram,  the  motion  of  which 
is  resisted  by  springs  adjusted  to  suit  the  required  arc;  this 
frame  causes  an  armature  to  be  attracted  by  an  electro-magnet, 
and  also  a  ratchet-pawl  playing  between  stops,  which  checks 
the  motion  of  the  wheelwork.  When  no  current  is  passing 
gravitation  brings  the  carbons  together  and  closes  the  circuit ; 
when  current  passes  the  frame  is  drawn  down,  and  the  carbons 
lifted  apart,  so  as  to  form  the  arc ;  then  the  strength  of  the 
current  controls  the  action  of  the  detent,  and  the  rate  at  which 
the  carbons  fall  together. 

Great  improyements  have  been  effected  in  this  lamp  to  adapt 
it  to  the  later  requirements. 

1037.  The  Siemens  or  Von  Alteneck  lamp,  which  has  been 
much  used  in  lighthouses,  carries  out  the  same  principle  of  action 
as  the  Serrin,  by  different  mechanical  arrangement.  The  two 
carbon  carriers  are  geared  together  by  wheelwork  so  as  to  keep 
their  junction  at  one  level ;  and  the  framework  of  the  Serrin  is 
replaced  by  a  rocking  lever  which  gears  into  the  wheelwork, 
and  is  vibrated  by  an  electro-magnet  so  as  to  separate  the 
carbons. 

1038.  The  differential  principle  can  therefore  be  explained  by 
this  construction  of  the  Siemens  lamps.  The  bar  is  actuated 
by  a  long  iron  core  which  enters  into  two  solenoids,  so  that  its 
position  is  regulated  by  the  difference  in  the  attractions  these 
exert  One  consists  of  a  coil  of  stout  wire  carrying  the  current 
which  gives  the  light,  and  its  action  separates  the  carbons.  The 
other  is  a  shunt  circuit  of  high  resistance,  and  tends  to  draw 
the  carbons  together.  The  two  actions  balance  when  the 
defined  difference  of  potential  exists  in  the  arc.  If  the  arc  is  too 
wide,  the  ratios  alter ;  more  current  passes  the  shunt  coil  and  it 
allows  the  carbons  to  approach. 

1030.  This  description  is  of  course  not  intended  to  explain 
the  full  action  of  the  lamp,  but  only  to  set  forth  the  differential 
principle,  which  in  various  modes  is  now  used  in  the  new  arc 
lamps.  It  appears  to  have  been  first  employed  by  Lacassagne, 
in  1856:  he  used  it  to  control  the  quantity  of  mercury  in  a 
chamber,  so  as  to  adjust  the  carbon  levels,  which  system  has 
also  been  utilized  by  later  inventors. 

1040.  The  Werdmnann  lamp  may  be  taken  as  a  type  of  a 
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nninber  of  semi-aro  lamps,  suoh  as  the  Begnier  and  the^oel.  It 
consists  of  a  convex  block  of  carbon,  against  the  middle  of  which 
a  rod  of  carbon  is  pressed:  the  result  is  a  partial  arc  of  low 
resistance  and  much  steadiness ;  the  resistance  of  the  imperfect 
contact  causes  part  of  the  cnrrent  to  form  derived  circuits  in 
the  heated  air,  and  to  bum  away  all  round  the  end  so  as  to  keep 
it  pointed ;  the  point  is  also  in  a  state  of  bright  incandescenoe 
which  extends  for  some  distance,  while  the  upper  carbon,  being 
made  the  —  pole,  and  being  so  much  larger,  is  little  heated. 
This  system  has  its  advantages,  but  is  less  economical  than  the 
pure  arc,  while  more  steady. 

1041.  The  Sun  lamp  or  "  Lampe  Soleil,"  is  also  a  semi-incan- 
descent arc  lamp  in  which  the  carbon  ends  redt  in  channels  in  a 
block  of  lime  or  other  suitable  substance,  such  as  compressed 
magnesia,  which  is  powerfully  heated  by  the  arc ;  the  bght  is 
reaUy  produced  from  this  incandescent  substance,  and  is  there- 
fore more  steady,  and  not  so  violet  as  the  pure  arc  lamp.  This 
plan  is  really  a  union  of  the  JablocdikofP  candle  and  the  old 
oxy-hydrogen  system,  in  which  a  block  of  lime,  raised  to  in- 
candescence by  the  heated  gases,  is  the  source  of  light.  It  is 
very  like  one  of  the  lamps  invented  by  Staite  in  1 846. 

1042.  Jablochkoff  Candle. — This  was  devised  to  do  awajr 
with  the  necessity  of  regulating  the  arc  by  mechanism.  It 
effects  this  regulation  by  adjusting  the  distance  of  the  carbons 
permanently,  side  by  side,  usine  alternating  currents  to  insure 
equal  consumption  in  both.  The  carbons  are  mounted  in  brass 
tubes,  by  which  the  contact  is  made,  and  separated  by  a  layer 
of  plaster  of  Paris,  and  at  the  lower  end  by  a  cement  which 
surrounds  the  carbons  and  tubes  and  binds  uie  whole  together. 
A  strip  of  plumbago  and  gum  joins  the  upper  ends  of  the 
carbons,  and  so  enables  the  current  to  pass  and  form  the  aro ; 
but  if  this  is  once  extinguished  there  are  no  means  of  re-lighting 
the  candle.  The  plaster  of  Paris  becomes  heated,  and  is  then  a 
partial  conductor,  carrving  a  portion  of  the  current,  becoming 
vividly  luminous;  it  however  produces  the  intermittent  rosy 
tinge  which  frequently  flashes  into  the  light.  As  the  candles 
bum  only  ij^  hour,  a  lamp  is  used  which  contains  four  candles, 
with  wires  and  a  commutator  at  tbe  foot  of  the  lamp  to  throw 
the  current  into  any  desired  one  of  the  candles. 

The  light  is  more  unsteady  than  that  of  any  infenor  are 
lamp ;  and  the  light  generated  for  the  energy  supplied  is  much 
below  that  of  any  good  one.  Count  du  Monoel  placed  a  candle 
and  Serrin  lamp  on  two  similar  circuits  of  a  machine,  and  found 
that  the  lamp  gave  three  times  the  light  of  the  candle.  Accord- 
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ing  to  the  best  aooonnts  they  give  about  450  candles  in  their  best 
diroction,  the  horizontal  line,  which  the  opal  globes  reduce  to 
172,  and  to  about  90  on  the  ^und.  Faintly  ground  globes  are 
now  used  in  this  and  other  lights  to  diminish  this  loss  of  light, 
with  the  disadvantage  that  the  glare  is  so  great  as  to  dazzle  the 
eye. 

1043.  Modified  ^  candles  ** — The  great  temporary  suocess  of 
the  Jablochkoff  candle  led  naturally  to  several  imitations,  such 
as  those  of  Jamin  and  De  Meritens,  in  the  latter  of  which  a 
third  intermediate  carbon  is  used,  not  in  the  electric  circuit,  but 
as  a  stepping-stone  which  divides  the  arc  into  two.  The  Wilde 
form  overcomes  the  objection  to  the  older  form  that  if  the  light 
goes  out  it  cannot  be  started  again :  one  of  the  carbons  is  mounted 
upon  a  hinged  support  attached  to  the  armature  of  an  electro- 
magnet, so  that  when  no  current  passes,  this  carbon  &lls  over 
and  brin^  the  two  ends  together,  closing  the  circuit  and  re- 
establishing the  arc,  then  the  electro-magnet  becomes  active  and 
draws  the  carbon  away. 

1044.  Carbons. — At  first  the  charcoal  of  wood  was  employed 
but  was  replaced  by  the  graphitic  deposit  of  gas  carbon,  cut 
into  square  rods :  but  this  not  only  contains  sulphur,  iron,  and 
silica,  but  is  of  very  irregular  texture,  and  traversed  with  fis- 
sures ;  all  these  causes  result  in  great  variation  of  the  light,  and 
artificial  carbons  alone  are  now  used.  These  are  produced  from 
various  forms  of  carbon,  and  different  makers  employ  different 
processes  of  purifying  the  carbon  and  making  it  up.  Some  use 
the  retort  carbon  findy  powdered,  and  boiled  with  alkalies  and 
acids  to  remove  the  impurities ;  others  employ  lampblack :  the 
agglomerating  materials  are  gum,  starch,  sugar,  and  pitch.  The 
materials  are  worked  into  a  tough  paste,  pressed  into  rods  by 
the  hydraulic  process,  gradually  <&ied  in  moulds,  or  so  arranged 
as  to  keep  them  straight,  then  slowly  heated  up  to  a  red  heat, 
in  coke  powder  contamed  in  retorts,  to  Aiive  off  everything  that 
can  be  vaporized.  The  rods  are  then  soaked  in  strong  syrup, 
or  in  dissolved  pitch,  and  again  dried  and  carbonized ;  the  pro- 
cess is  repeated  till  all  porosities  are  filled  up  and  an  extremely 
dense  substance  is  produced,  having  a  metallic  ring  and  a 
fracture  like  hard  steeL 

The  process  of  heating  the  carbons  in  a  hydro-oarbon  vapour, 
first  employed  bv  Sawyer  and  Mann,  and  used  by  several  makers 
of  incandescent  lamps,  is  employed  also  for  arc  carbons,  which 
can  be  packed  in  a  suitable  retort  and  heated  to  incandescence 
while  a  stream  of  vapour  of  gas-tar  is  driven  through  the  retort; 
this  process  is  in  &ct  identical  with  that  which  produces  the 

Digitized  by  VjOOQIC 


570  BLBGTBIO  LIOHTINO.  [>045. 

gas  carbon  itself,  only  oonducted  under  conditions  to  control 
and  facilitate  the  deposit. 

1045.  The  presence  of  various  salts  affects  the  light,  thus, 
salts  of  sodium  tend  to  increase  the  yellow  rays,  and  are  said  to 
lengthen  the  arc  and  diminish  the  hissing  sounds  produced ; 
borax  also  tends  to  reduce  the  consumption  by  fusing  on  the 
surface  and  diminishing  the  access  of  oxygen ;  but  it  appears 
doubtful  whether  there  is  advantage  derived  from  any  additions 
except  the  thin  coating  of  copper  which  is  employed  in  some 
cases  to  lower  the  resistance. 

1046.  Differeni  make*  of  carbon  consume  at  different  rates 
with  the  same  current  and  light,  and  it  would  appear  that  those 
based  upon  uniform  materials  give  best  results :  that  is  to  say, 
the  carboD  is  a  lampblack  derived  from  burning  pitch,  and  the 
cementing  material  the  same  pitch  dissolved  in  naphtha. 

The  contumption  of  carbon  is  about  twice  as  much  at  the  +  as 
at  the  ~  conductor,  and  the  total  appears  to  be  about  grain  '06 
per  candle  of  light  per  hour  in  the  Jablochkoff  system,  and  frcmi 
'I  to  '05  in  the  arc  lamps,  diminishing  as  the  power  of  the 
lamp  increases. 

1047.  Incamdescent  Lioht. — The  fact  that  light  could  be  pro- 
duced by  the  electric  current  passing  through  highly  infasible 
materials  was  known  early  in  this  century.  Platinum,  iridium, 
and  carbon  were  all  examined,  and  in  1845  ^^S  patented 
lamps  of  carbon  in  vacuo,  while  De  Ghangy  made  successful 
attempts  of  the  same  nature  in  1858.  Therefore  the  recent 
progress  in  this  direction  relates  not  to  principles,  but  to  the 
details  and  the  most  effective  mode  of  carrying  the  principles 
into  practical  effect. 

The  laws  of  generation  of  heat  by  the  current  are  explained 
§  354,  and  the  generation  of  light  by  this  heat  in  the  early 
part  of  this  chapter,  but  it  is  necessary  now  to  examine  some  of 
the  facts  more  closely. 

1048.  Atomic  or  Molecular  Heai. — In  §  12  it  is  mentioned  that 
heat  acts  upon  matter  according  to  the  atomic  weights,  and  not 
according  to  the  weight  or  mass  merely  :*  this  is  shown  more 
fiilly  in  relation  to  matter  in  the  gaseous  form,  §  593.  But 
many  facts  indicate  that  it  is  not  really  the  atomic  weight,  but 
the  molecular  weight  that  we  ought  to  consider,  for  the  same 
substance  in  the  elementary  state  may  have  different  relations 
to  heat ;  this  is  particularly  the  case  with  carbon  in  its  several 
forms:  this  fact  is  strikingly  exemplified  by  many  instances 
now  known,  in  which  a  substance  undergoes  some  unknown 
change  at  a  particular  temperature,  by  which  its  properties  are 
altered ;  iron  undergoes  such  a  change  in  cooling  from  a  great 
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heat,  and  gold  gives  a  striking  illustration  of  such  a  change. 
When  melted  and  super-heated,  it  will  cool  gradually  and 
quietly  tQl,  at  a  certain  stage,  it  suddenly  heats  spontaneously 
and  glows  vividly,  after  which  it  goes  on  cooling  quietly. 
These  critieal  points,  as  they  are  called,  probably  correspond  to 
a  new  molecular  arrangement  of  the  atoms,  to  a  passage  from 
one  allotropic  state  to  another,  in  which  a  different  quantity  of 
energy  is  combined  with  the  atoms,  and  the  sudden  heating  is 
due  to  the  potential  or  latent  energy  of  one  form  giving  up  the 
excess  of  that  needed  for  the  other  form :  in  all  likelihood  the 
number  of  atoms  built  up  into  one  molecule  is  altered  at  this 
instant,  with  other  changes  of  physical  property,  as  in  the  case 
of  ozone  Os  and  oxygen  0,  described  §  589.  It  appears  highly 
probable  that  such  a  change  as  occurs  under  these  circumstances 
may  be  connected  with  that  variation  of  chemical  afiSnities  by 
which  gold,  for  instance,  is  univalent  in  aurous  salts  as  the 
cyanide,  and  trivalent  in  auric  salts  as  the  chloride,  and  bo 
generally  with  those  metals  which  form  two  or  more  sets  of 
salts  of  differing  valencies. 

The  result  is  that  the  same  quantity  of  heat  produces 
different  temperatures  in  equal  weights  of  the  same  substance ; 
but,  subject  to  modifications  indicated  §  593,  a  fixed  quantity  of 
heat  will  raise  an  equal  number  of  molecules  of  different 
substances,  in  the  same  physical  state,  to  the  same  temperature. 

The  atomic  heat  is  the  product  of  the  atomic  weight  and 
specific  heat,  §  355,  so  that  we  have 


Platinum  197  x  '0355  =  6*99 
Oraphite     12  x    2018  =  2*42 


We  have,  however,  chemical  evidence  that  graphite  is 
essentially  different  from  carhofiy  of  which  we  use  the  atomic 
weight  1 2  ;  that  is,  it  is  allotropic  carbon,  and  if  we  reckon  the 
molecule  of  platinum  as  2  atoms,  and  that  of  graphite  as  con- 
sisting of  5  atoms,  we  should  have  nearly  equal  molecular 
heats.  But  this  is  a  mere  hypothesis  at  present,  and  these 
figures  are  given  to  show  the  variety  of  actions  involved  in  the 
production  of  light,  awaiting  further  knowledge  for  their  actual 
application. 

1049.  Atomie  or  Molecular  FoZttwitf.— As  different  substances 
hav  edifferent  molecular  weights,  and  also  different  specific 
gravities,  it  is  evident  that  in  a  conducting  wire,  which,  §  468,  is 
primarily  a  volume  or  defined  space,  we  may  have  very  different 
numbers  of  molecules  taking  part  in  the  action,  and  therefore 
different  relations  to  heat ;  these  relations,  like  resistance,  vary 
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also   witli   temperatare,  whicli    altera  volame    differently  in 
different  subetcuices. 

— ^ =at.voL    Platinum?-^  =8*qi.  Oraphite< >=ii"4 

Bp.  gr.  (22*  I         ^  ^         (i-o6  ^ 

Now  if  we  multiply  together  these  figures  of  atomic  heat  and 
atomic  volume  we  get  for  platinum  J9'  3,  and  for  carbon  25  *  6,  as 
the  comparative  temperatures  to  wnich  equal  heats  might  raise 
wires  of  the  same  diameter. 

1050.  Specific  Besidance^  p.  283,  Col.  III.,  and  that  modified  by 
the  variafton  due  to  temperature,  would  have  to  be  taken  into 
account  in  considering  the  effect  of  equal  currents,  and  we  have 
not  as  yet  sufficient  facts  to  make  it  worth  while  going  further 
than  to  thus  indicate  a  course  of  probably  interesting  research. 

105 1.  Badialion  ChpcuAty. — Not  only  has  each  gas  its  own 
spectral  lines,  §  988,  but  each  solid  substance,  while  generating 
all  the  rays  corresponding  to  its  temperature,  has  a  capacity  for 
generating  or  emitting  specific  rays  in  greatest  abundance; 
thus,  if  a  piece  of  white  earthenware  with  a  dark  pattern  upon 
it  be  heated  in  a  furnace,  when  seen  in  the  dark  by  its  own 
light,  the  dark  pattern  will  appear  the  brightest,  that  is  to  say, 
it  will  emit  the  light-rays  of  the  spectrum  more  freely  than  the 
white  ground,  though  both  are  at  the  same  temperature.  If  a 
platinum  wire  be  partly  polished  and  part  roughened,  the  rough 
part  will  be  brightest  when  heated :  also,  a  piece  of  glass  and  of 
iron  being  heated  in  a  furnace  to  the  same  heat,  the  iron  will 
be  bright,  while  the  glass  will  give  little  light ;  on  the  other 
hand  the  glass  would  be  found  to  emit  more  of  the  dark  rays 
than  the  iron.  Carbon  has  this  property  in  a  high  degree,  and 
it  appears  probable  that  if  all  o^er  conditions  were  equalized, 
carbon  would  emit  more  light  than  platinum. 

1052.  The  following  extracts  from  a  lecture  given  in  New* 
castle,  by  Mr.  Swan,  20th  October,  1880,  will  give  the  most 
interesting  account  of  the  origin  of  the  incandescent  lamp. 
After  describing  Mr.  Edison's  experiments  with  platinum,  he 
says: — 

^  It  had  appeared  to  me  for  many  years,  that  if  ever  electric  light  was  to 
become  generally  useful,  it  would  most  probably  be  by  the  incandesoenoe  of 
carbon.  I  had,  long  before  the  time  to  which  I  am  referring  to,  rendered  this  idea 
practicable.  As  a  matter  of  history,  I  will  describe  an  experiment  which  I  tried 
about  twenty  years  ago. 

^  I  had  a  number  of  pieces  of  card  and  paper,  of  Tarions  forms  and  sizes,  buried 
in  charcoal  in  a  crucible.  This  crucible  I  sent  to  be  heated  white  hot  in  one  of 
the  pottery  kilns  belonging  to  Mr.  Wallace,  of  Forth  Banks.  ....  My  carbon 
was  in  the  form  of  an  arch,  about  one  inch  high  and  a  quarter  of  an  inch  wide ; 
the  ends  of  the  arch  were  held  in  small  clamps  with  square  blocks  of  carboB. 
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The  air-pump  haying  been  worked,  I  had  the  pleasure  of  seeing  that  with  the 
battery  of  40  or  50  cells,  my  carbonized  paper  arch  became  red  hot,  and  that 
nothing  more  was  wanted  than  a  still  stronger  current  to  make  it  gi^e  out  a 
brilliant  light. 

**  That,  I  confidently  belieye,  was  the  very  first  instance  in  which  carbonized 
paper  was  erer  used  in  the  construction  of  an  incandescent  electric  lamp.  I  am 
now  speaking  of  twenty  years  ago,  and  at  that  time  the  roltaic  battery  was  the 
cheapest  source  of  electricity  known,  and  the  means  of  producing  high  yacua  were 
Tery  much  less  perfect  than  they  are  now.  I  laid  my  electric  light  experiments 
aside  till  about  three  years  ago,  when  two  things  concurred  to  lead  me  to  pursue 
the  subject  afresh. 

'*The  discorery  of  the  dynamo-machine  had  entirely  altered  the  position  of  the 
question  of  electric  lighting.  The  Sprengel  air-pump  too  had  been  inrented, 
giring  much  higher  racua  than  the  old  form  of  air-pump.  Mr.  Crookes'  radio- 
meter experiments  had  shown  us  what  a  really  high  yacuum  was,  and  how  to 
produce  it. 

*'  I  had  the  good  fortune  to  make  Mr.  Steam's  acquaintance  (who  had  acquired 
such  a  knowledge  of  the  Sprengel  pump  as  was  only  equalled  by  that  of  Mr. 
Crookes  himself),  and  that  was  one  of  the  determining  causes  of  my  second 
attempt  to  solye  the  problem  of  electric  lighting  by  the  incandescence  of  carbon, 

''In  October  1877,  I  sent  to  Mr.  Stearn  a  number  of  carbons  made  from 
carbonized  cardboard,  with  the  request  that  he  would  get  them  mounted  for  mo 
in  glass  globes,  and  then  exhaust  the  air  as  completely  as  possible. 

*'  In  onler  to  produce  a  good  yacuum  it  was  found  necessary  to  heat  the  carbon 
to  a  yery  high  degree  during  the  prooefs  of  exhauition,  so  as  to  expel  the  air 
occluded  by  the  carbon  in  the  cold  state.  In  order  to  make  a  good  contact 
between  the  carbon  and  the  dips  supporting  it,  the  ends  of  the  carbons  were 
thickened,  and  in  some  of  the  early  experiments,  electrotyping  and  hard  soldering 
of  the  ends  of  the  carbons  to  platinum  was  resorted  to." 

105  3.  It  was  in  the  latter  part  of  1 878  that  Mr.  Edison  turned 
his  attention  to  incandescent  lighting,  and  it  wonld  appear  that 
the  actual  intended  invention,  the  announcement  of  which 
produced  the  panic  referred  to  §  1015,  was  really  one  of  which 
nothing  has  since  been  heard,  yiz.  a  semi-conducting  incan- 
descent material  compounded  of  infusible  earths  and  carbon  or 
metals.  I  had  myself  patented  a  nearly  identical  idea  within 
eight  days  of  the  date  of  Mr.  Edison's  patent,  and  had  tested 
and  found  it  worthless,  while  the  scare  was  in  full  yigour ;  and 
I  may  say  that  the  idea  was  suggested  to  me  by  the  vivid  light 
shown  by  Jabloohkoff  at  the  1878  Exhibition,  derived  from  a 
thin  strip  of  plaster  of  Paris  made  incandescent  by  an  induction 
coil. 

1054.  Mr.  Edison  then  took  up  platinum  and  made  a  very  good 
lamp,  based  upon  his  re-discovery  of  the  effect  of  gradual  repeated 
heating  in  rendering  platinum  more  coherent  and  infusible ;  but 
even  this  would  not  stand  working,  and  then  his  admirable 
perseverance  in  the  endeavour  to  accomplish  what  he  had 
promised  to  do,  led  him  to  try  carbon,  and  in  his  patent  of  the 
loth  November,  1879,  he  speaks  of  using  "  carbon  wires,"  and 
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says  he  has  discovered  that  even  a  cotton  thread  properly 
carbonized  is  absolutely  stable  at  veiy  high  temperatares  in  a 
sealed  bulb  exhausted  to  one-millionth  of  an  atmosphere.  His 
inexhaustible  experimental  energy  led  him  to  examine  almost 
every  imaginable  carbon-producing  substance,  and  after  Bristol 
board  punched  out,  he  ultimately  settled  upon  bamboo  shaped 
into  suitable  form. 

1055.  As  to  the  order  of  discovery,  Mr.  Swan  went  on  to 
say: — 

'*  In  an  article  which  appeared  in  the  Febmary  number  of  ScrSmert  ifaganne, 
authenticated  by  a  letter  from  Mr.  Edison  in  the  same  publication,  it  ia  stated 
that  Mr.  Edison  was  the  first  to  use  carbonised  paper ;  that  is  incorrect.  And 
this  also  occurs  after  a  description  of  Sprengel's  pump  used  in  eihaosting  these 
lamps :  <  Mr.  Edison's  use  of  carbon  in  such  a  vacuum  is  entirely  new.'  Mow,  I 
dare  say  there  are  many  here  who  will  remember  this  little  lamp,  which  I  showed 
here  two  years  ago  in  action.  This  lamp  has  exactly  the  same  simplicity  as  my 
present  lamp,  being  composed  entirely  of  three  substances,  viz,  gUss,  pLatinnm, 
and  carbon,  and  it  was  exhausted  in  precisely  the  same  manner,  and  to  the  same 
degree,  as  that  which  Mr.  Upton — no  doubt  in  good  faith,  but  still  in  error — 
speaks  of  as  *  entirely  new.*  I  do  not  mention  these  things  in  any  way  to  disparage 
Mr.  Edison,  for  no  one  can  esteem  more  highly  his  inventire  genius  than  I  da 
I  merely  state  these  facts  because  I  think  it  is  right  to  do  so  in  my  own  interest, 
and  in  the  interests  of  true  history." 

1056.  As  a  matter  of  true  history,  neither  Mr.  Swan  nor  Mr. 
Edison  have  any  claim  (though  this  was  set  up  and  promised  a 
fruitful  harvest  to  the  lawyers)  to  the  use  of  carbon  and  vacuum, 
singly  or  combined.  They  used  a  finer  thread  or  wire  of  carbon 
than  previous  experimenters,  or  at  least  than  others  were 
publicly  acquainted  with,  but  this  gave  no  right  to  material  or 
size,  for  others  had  only  been  limited  in  this  matter  by  the 
difficulty  of  producing  very  thin  carbon  rods :  every  one  had 
sought  to  use  as  perfect  vacuum  as  possible,  and  there  was  no 
discovery  in  using  the  improved  vacua  open  to  every  one  for 
any  purpose.  The  real  improvements  of  both  claimants  consist 
in  the  modes  of  obtaining  a  '*  carbon  wire,"  and  in  the  details 
of  the  construction  of  the  lamp  itself. 

The  incandescence  of  carbon  in  vacuum  was  patented  by  King 
in  184^,  and  invented  by  Starr,  an  American,  associated  with 
King  m  electric  lighting:  they  used  the  best  vacuum  then 
attainable,  that  produced  in  a  barometer  tube,  and  Mr.  Mattieu 
Williams,  who  was  working  with  them,  says,  "  we  had  no  diffi- 
culty in  obtaining  a  splendid  and  perfectly  steady  light.  We 
used  platinum,  and  alloys  of  platinum  and  iridium,  and  then 
tried  a  multitude  of  forms  of  carbon,  including  burnt  cane." 

M.  Jobard  in  1838  published  the  idea  of  using  a  small  carbon 
as  a  conductor  of  current  in  a  vacuum ;  and  M.  de  Changy  made 
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dfifecfcive  lamps  of  this  kind  which  were  submitted  to  the 
Academy  of  Brussels  in  i8$8. 

1057.  It  is  remarkable  that  the  two  leading  inventors  of  the 
carbon  lamp,  Swan  and  Edison,  each  claim  a  definite  principle 
in  producing  the  carbon  wire.  Mr.  Swan  takes  an  organized 
structure,  crotchet  cotton,  and  destroys  that  structure  by  acting 
on  it  with  add,  so  as  to  reduce  the  cotton  fibres  to  a  gummy 
snbstance  before  carbonizing.  Mr.  Edison  uses  the  bamboo 
fibre  because  it  has  a  definite  structural  form.  It  may  be  that 
the  presence  of  silica  plays  an  important  part  in  the  Edison 
lamp,  but  it  is  very  evident  that  neither  of  these  principles  can 
have  any  importance. 

Other  names  must  not  be  overlooked,  and  Mr.  St.  Oeorge 
Lane  Fox  ranks  nearly  parallel  to  Swan  and  Edison  in  the 
introduction  of  incandescent  lighting,  though  for  some  reason 
his  lamp  is  rarely  heard  of  now.  There  is,  however,  no  preten- 
sion in  this  work  to  examine  questions  of  priority  or  merit, 
except  incidentally  and  in  the  course  of  description. 

1058.  The  differences  in  the  various  lamps  consist  in  details, 
some  of  which  require  separate  consideration. 

(i)  Form  of  carbon  wire. — The  Edison  is  a  tall  arch ;  the  Swan 
is  a  similar  arch,  of  which  the  upper  part  makes  a  spiral  of  one 
turn  of  half  an  inch  diameter.  The  Maxim  is  a  longer  carbon 
folded  up  in  the  form  of  M.  All  this  is  not  a  mere  matter  of 
form ;  they  act  very  differently  upon  the  eye :  when  the  "  wire  " 
is  incandescent  it  appears  to  be  very  greatly  increased  in  size ; 
this  is  an  optical  effect  in  the  eye  itself,  a  result  of  irradiation : 
The  result  is  that  a  grating  of  wires  near  each  other  appears  to 
blend  in  one  mass  of  light  which  is  less  distressing  to  the  sight 
than  an  equal  quantity  of  light  issuing  from  one  distinct  wire  ; 
thus  a  Maxim  Hght  is  more  easy  to  the  eye  than  an  Edison  of 
equal  power,  and  the  Swan  is  intermediate. 

(2)  Dimennona  of  carbon. — These  are  governed  by  the  same 
principles  as  the  heating  of  wires,  §  354.  Therefore  the  light 
given  is  propoiiional  to  the  length  of  equal  wires,  subject 
to  the  greater  loss  of  heat  in  short  wires  by  the  more  rapid 
cooling  through  the  connections:  for  this  reason  incandescent 
light  is  readily  subdivisible  with  little  loss,  while  arc  lighting 
suffers  a  loss  at  least  as  the  square  of  the  division,  and  is  only 
possible  for  lights  of  large  intensity. 

The  emaUer  tJie  wire  the  greater  the  economy,  because  of  the 
facility  of  generating  high  temperature :  but  this  reduction  is 
limited  by  the  capacity  of  the  material  to  endure  the  tempera- 
ture without  speedy  destruction. 

The  best  diameter  is  still  a  subject  of  experiment,  and  will 
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yet  be  influenoed  by  improyement  in  tlie  stmoture  of  the  carbon 
itself  The  Swan  lamp  carbon  is  abont  0*25  mm.  in  diameter, 
and  the  Siemens  25  candle  is  0*27  mm.,  both  of  oircnlar  aection, 
whilst  the  Edison  16  candle  carbon  is  of  oblong  section^  with 
sides  o  *  I  and  O'  2  mm. 

Lamps  are  also  made  of  mnch  larger  sections,  sach  as 
Bernstein's  low  resistance  lamp,  formed  of  a  hollow  cylinder 
of  carbon,  so  as  to  obtain  large  radiating  snrface  with  small 
quantity  of  material,  which  appears  to  be  based  upon  principles 
the  reverse  of  those  found  to  give  the  best  results  by  other 
makers. 

1059.  Different  mcUeriah  are  employed  to  produce  the  incan- 
descent wire.  The  carbon  threads,  or  more  properly  '<  carbon 
wires,"  could  not  have  been  imagined  a  few  years  ago.  It  is 
true  we  are  acquainted  with  carbon  in  forms  so  different  as  not 
to  be  recognizable  as  the  same  substance,  as  the  intensely  haid 
transparent  diamond,  as  the  friable  charcoal,  and  as  the  crystal- 
line graphite ;  but  none  of  these  could  be  conceived  as  forming 
a  slender  filament  of  any  strength  or  durability.  But  the 
*'  wire  "  of  the  incandescent  lamp  as  now  produced  is  really  a 
wire ;  it  is  strong,  tough,  and  flexible  to  a  decree  comparable 
with  metals,  and  therefore  will  bear  the  inevitable  shocks  of 
transport.  Its  appearance  also  is  that  of  a  grey  granular  metaJ, 
not  unlike  coarse  steel  in  fracture. 

(i)  The  Swan  lamp  carbon  is  made  from  cotton  thread,  paich- 
mentized  before  carbonizing,  and  twisted  up  in  a  loop  of  half 
inch  diameter,  and  strongly  heated  during  the  final  ezhansticRi. 
The  platinum  conductors  form  two  loops  at  the  base  of  the 
lamp,  and  these  engage  in  hooks  in  the  support,  which  form  the 
connection  to  the  circuit,  and  good  contact  is  secured  by  the 
upward  pressure  of  a  spiral  spring.  This  gives  a  freely  elastic 
support  to  the  lamp,  which  for  its  perfect  simplicity  and 
efficieno^,  together  with  ease  of  fitting  up  and  security  from 
injury,  is  scarcely  to  be  surpassed. 

(2)  The  Edison  caihon  is  made  from  selected  bamboo,  alii  to 
the  required  thickness,  and  then  cut  out  to  the  proper  wid^ 
with  enlarged  ends  for  good  junction  to  the  platinum  con- 
ductors ;  the  junction  also  has  copper  deposited  upon  it.  The 
base  of  the  lamp  is  made  with  a  screw  thread,  by  which  it  is 
fixed  to  the  fittings,  and  it  closes  its  ciicuit  in  the  act  of 
screwing  in. 

(3)  The  Lane  Fox  carbon  is  prepared  from  the  vegetable  fibre 
used  in  making  brooms.  The  wire  is  heated  to  incandescence 
in  a  carbon  vapour  in  order  to  increase  its  density  and  adjust 
its  resistance  to  the  required  point.    The  platinxmi  wire  from 
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the  carbon  does  not  come  to  the  exterior  of  the  lamp,  but  ends 
in  a  small  tube  containing  mercury:  copper  wires,  passing 
through  a  wooden  cap  and  a  mass  of  plaster,  also  dip  into  this 
mercury  and  form  the  actual  terminals. 

(4)  Prof.  Crookes  endeayours  to  perfect  the  carbon  by  acting 
on  it  with  chlorine  and  other  agents  to  dissolve  or  vaporize 
impurities.  Mr.  Fitzgerald  adds  a  magnesium  wire  which, 
after  final  sealing  of  the  lamp,  is  heated  so  as  to  take  up  any 
residuary  oxygen.  Others  propose  to  build  up  a  carbon  bridge 
by  filling  the  globe  with  a  hydro-carbon  vapour,  and  passing 
sparks  from  an  induction  coil  between  the  two  platinum  wires, 
so  as  to  produce  a  gradually  extending  deposit  of  carbon,  which 
will  then  thicken  in  the  usual  manner. 

(5)  Cruio*$  conductor  is  obtained  by  means  of  a  fine  platinum 
wire  heated  to  incandescence  in  hydro-carbon  to  obtain  a 
graphitic  deposit.  Some  say  that  the  platinum  is  afterwards 
got  rid  of,  leaving  a  carbon  cylinder ;  but  it  appears  that  the 
platinum  remains  imbedded  in  the  carbon,  and  that  the  varying 
resistance  due  to  the  heating  is  a  compound  of  the  rise  due  to 
platinum,  and  the  fsM  due  to  carbon :  high  efficiency  is  claimed 
for  this  lamp. 

1060.  Efficiency  of  Ineandeaeent  Lamps. — A  clear  distinction 
should  be  drawn  between  the  efficiency  of  different  lamps,  and 
the  cost  of  the  light  from  them.  The  efficiency  relates  only  to 
the  quantity  of  energy  consumed  per  candU-power  produced.  The 
coat  depends  upon  this  multiplied  by  the  cost  of  the  energy  as 
delivered  to  the  dource  of  light.  Efficiency  is  commonly  stated 
in  two  ways,  (i)  as  thejoulads(inthis  case  usually  called  volt- 
amperes)  expended  per  candle-power;  (2)  as  the  number  of 
candles  developed  per  horse-power  of  the  engine.  The  latter, 
while  useful  in  considering  cost,  is  not  scientifically  correct, 
because  it  includes  the  efficiency  of  the  dynamo  machine  as  well 
as  the  lamps. 

1061.  This  expression  of  light  per  H.P.  is,  however,  useful 
from  the  striking  illustration  it  farnishesof  the  different  light- 
producing  effectd  of  combustion  and  electricity.  In  §§921-4  it 
has  been  shown  that  21  feet  of  gas  will  develop  i  H.P.  in  a 
gas  engine:  this  gas  at  16  candle-power  will  represent  67*2 
candle-hours  of  light.  This  engine  driving  a  dynamo  would 
work  12  lamps  of  16  candles  or  give,  say,  200  candles  of  light. 
Therefore  the  light-giving  efficiency  of  the  electric  system  is  threrfold 
that  of  con^mstion  in  Ms  case^  which  is  a  fair  comparison  of 
similar  lights.  In  an  arc  lamp  1 200  candles  might  be  obtained, 
or  eighteenfold  efficiency,  but  this  would  not  be  a  reasonable 
comparison. 
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But  if  we  compare  cost  the  reeiilt  wonld  be  veiy  different : 
the  21  feet  of  gas  would  coBt  only  its  prioe,  while  to  treble  ita 
yield  of  light  by  electricity  would  need  the  extra  expense  of  the 
engine  and  dynamo  with  their  necessary  labour. 

1062.  The  energy  expended  per  candle^fHJwer  in  the  light  itself 
is  the  proper  test  of  efficiency  of  the  light  source,  and  it  may  be 
well  to  use  gas  as  a  starting  point.  On  the  data  of  §  921,  in 
5-^16  feet  of  gas,  giving  i  candle  hour,  we  have  energy  oone- 
spending  to  512,023  joulads ;  but  as  the  common  expression  is 
based  on  the  volts  and  amperes  required  to  maintain  the  light,  this 
being  divided  by  3600  gives  us  141  '7  volt-amperes  per  candle- 
power  for  gas.    The  Allowing    table  derived  from    Sir  W. 


Siemens  and  Ualske  Lamps. 

New. 

Earlier. 

ALH>it 

IL 

IV. 

VI. 

IL 

IV. 

VL 

Normal  oandles 

Volts 

Amperes    ..     .. 
Ohms  (hot)      .. 
Volt-amperes    .. 
„    per  candle 
Candles  per  elecl 

13 
100 

.41 
244 
40-05 
3*34 

3IO 

16 

100 

55- 

182 

55 

3*44 

306 

36 
100 

8o- 
I3S- 

80 
3-08 

331 

13 

102- I 

•50 

304 

51-5 

4-39 

165 

16. 

ioi*4 
•73 
141 
73-6 
4-54 

*57 

'36 

101 '7 
I-I5 
88 
n6'9 

4*49 
153 

16 

100 '4 

71 
I4J 

71-5 

4-47 

159 

Siemens  gives  useful  information  as  to  different  lamps,  but  a 
little  trade  discount  must  be  allowed  of  course  for  the  comparison 
with  Edison  A  lamp,  because  that,  like  others,  has  been  im- 
proved. It  must  be  understood  also  that  "  elec.  H.P.'*  does  not 
mean  total  engine  power,  but  only  that  expended  in  the  lamp 
itself. 

.  Similar  particulars  as  to  other  lamps  will  be  found  in  §  1069, 
and  it  will  be  seen  that  3*  53  joulads  per  candle  is  very  good 
work  (though  the  Cruto  lamp  claims  to  work  with  about  half 
this),  that  is  to  say,  one-fortieth  of  the  energy  in  the  gas  flame : 
but  to  mark  the  distinction  between  efficiency  and  coat^  the  cost 
per  candle  for  gas  would  be  as  •cxxx)222  X  40  =  •000888 
against  •001945  for  dibtributed  electricity,  using  the  prices 
shown  per  1000  joulads  of  each,  as  the  basis  of  comparison. 

1063.  Heat  effect  of  lights. — The  incandescent  lamps  generate 
much  less  heat  for  equal  light  than  any  combustion  process  :  in 
fact  the  ratio  would  be  that  of  the  relative  energies  in  the  lights 
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but  for  the  amonnt  carried  off  potential  in  carbonic  acid  and 
water  vapour:  tbe  actual  result,  by  experiment,  is  that  the 
incandescent  lamp  gives  about  one-tenth  the  heat  of  an  equal 
gas-light. 

1 064.  The  action  on  the  atmosphere  is  of  even  higher  importance : 
no  products  whatever  are  generated  by  the  incandescent  lamp, 
80  that  the  presence  of  even  high  illuminating  power  has  no 
effect  upon  the  health,  nor  upon  books,  pictures,  <fec 

1065.  These  are  matters  of  great  importance  in  lighting 
public  OMembliea;  the  presence  of  moisture  and  carbonic  acid  affecte 
the  sound-transmitting  power  of  the  air,  and  the  row  of  foot- 
lights across  the  front  of  a  stage  sends  up  a  screen  of  these  gases : 
it  is  found  that  these  affect  the  transmission  of  music,  which  is 
therefore  more  effective  when  a  row  of  incandescent  burners 
replaces  the  usual  gas-jets. 

A  very  striking  illustration  of  these  advantages  was  given  at 
the  Birmingham  Musical  Festival  in  September  1882,  which  was 
lighted  by  Messrs  Winfield  &  Co.  with  488  Swan  lamps.  The 
temperature  was  actually  lower  close  under  the  roof  than  on  the 
floor  of  the  hall :  the  result  was  that  the  singers  in  the  orchestra 
suffered  no  sort  of  inconvenience,  and  for  the  first  time  there 
was  no  case  of  fainting,  while  the  organ  was  able  to  be  employed 
for  purpoiies  otherwise  impossible,  as  it  remained  in  tune 
throughout  the  whole  of  its  own  compass  as  well  as  through 
each  performance.  This  is  readily  understood  when  it  is 
considered  that  the  ordinary  lighting  of  such  a  hall  produces 
heat  and  products  about  equal  to  those  resulting  from  a  fall 
audience ;  on  the  other  hand,  the  heat  in  this  case  plays  a  part  in 
the  ventilation,  which  must,  in  its  absence,  be  otherwise  provided 
for. 

1066.  Duration  of  the  Lamps.— TKb  has  been  greatly  increased 
as  the  manufacture  has  improved.  At  first  they  failed  very 
quickly  and  gave  way  under  any  undue  current.  Not  only  has 
the  quality  of  the  carbon  wire  been  improved  and  its  tendency 
to  vaporize  reduced,  but  the  proper  limit  for  each  type  of  lamp 
is  better  known,  which  according  to  Mr.  Fox  is  a  working 
temperature  of  4000°  Fahr.  The  "  life  of  the  lamp  "  has  been 
raised  fiom  8cx>  working  hours  to  2000,  and  many  attain  the 
good  old  age  of  3  and  4CXX),  while  it  is  said  that  an  Edison 
lamp  worked  at  Strasburg  has  withstood  over  5000  hours  of 
work. 

1067.  The  giving  way  of  the  carbon  is  attended  with  some 
curious  effects :  they  commonly  break  close  to  the  junction  with 
the  platinum,  which  may  be  due  to  a  mechanical  stress  conse- 
quent on  expansion  and  contraction ;  it  appears,  however,  that 
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this  fracture  occurs  generally  at  the  -f  Bide,  and  less  frequentlj 
with  alternating  currents,  so  that  it  is  well  to  change  the  sides 
of  the  lamp  at  intervals.  It  is  not  yet  certain  whether  the 
carbon  is  vaporized,  and  diffused  through  the  globe,  or  whether 
it  is  dispersed  radially  as  in  the  molecular  bombardments  set 
up  in  Mr.  Grookes'  beautiful  experiments :  the  latter  appears 
to  be  the  oa^e  with  the  particles  of  copper  and  platinum 
occasionally  detached.  These  show  a  line  of  protection  afforded 
by  the  carbon,  where  no  film  is  deposited  on  the  glass ;  but  no 
such  effect  is  seen  in  the  case  of  carbon  which  deposits  in  a 
uniform  film  having  the  properties  noticed  §  loii. 

1068.  Ratios  of  Light  to  Current  and  Eneroy. — Light  is 
a  function  of  temperature,  but  does  not  increase  in  the  same 
ratio:  temperature  is  a  function  of  energy  subject  to  specific 
molecular  properties  of  matter,  and  energy  is  as  the  square  of 
the  current  all  other  things  remaining  unchanged.  The  exact 
relation  of  the  electric  current  to  the  light  it  can  generate  is 
not  yet  fully  known,  but  is  roughly  formulated  upon  two 
systems.  It  is  considered  to  vary  as  the  fourth  povoer  of  the 
current  =  C^.  Now  this  looks  as  though  it  varied  as  the  square 
of  the  work  of  the  current,  but  this  is  not  the  case.  When  the 
work  or  energy  is  taken  into  account,  Dr.  Yoit  finds  that  the 
light  is  nearly  proportional  to  the  cube  of  the  work  or  energy, 
and  the  formula  is  given 

L  =  oA3        or        L  =  aA  +  bA« 

in  which  A  is  the  energy,  and  a  is  a  constant  representing  the 
light  equivalent  of  unit  work,  while  h  is  another  oonstant 
related  to  the  particular  lamp. 

io6q.  Such  formulcR  cannot  pombly  be  trtie:  they  are  mere 
empirical  expressions  for  the  actions  within  a  limited  range. 
It  is  evident  that  the  true  law  must  be  a  falling  curve  analo- 
gous to  those  of  magnetism,  fig.  iii,p.  527,  and  that  this  curve 
will  be  different  in  metals  and  in  carbon  because  of  the  reverse 
order  of  resistance  variation.  The  expression  G^  is  moderatdy 
^correct  in  carbon,  because  it  results  in  such  a  falling  curve,  as 
the  work  expended  per  unit  of  C  is  steadily  lowered  by  the 
reduced  resistance  of  the  carbon :  on  the  other  hand  it  would 
not  be  true  for  a  platinum  or  iridium  wire.  More  exact 
experiments  are  required  to  establish  the  true  relations,  but  the 
following  table  exhibits  the  relations  as  found  by  experiments 
at  Munich :  the  comparison  between  a  Swan  carbon-lamp  and  a 
Cruto  or  platinum  carbon  illustrates  the  different  variation  of 
resistance  due  to  temperature. 

1070.  The  Cost  of  Electric  Lightinq. — At  the  commence- 
ment of  the  revival  of  the  subject  most  erroneous  statements 
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SWAK. 

—46  Volt  Lamps. 

Gruto.— No.  2  Lamp. 

Ckndle- 

E. 

C. 

Volt- 

R. 

Candle- 

E. 

C. 

Volt- 

R. 

power. 

Volta. 

Amp^es. 

Amperes. 

Ohms. 

fiower. 

Volu. 

Amperes. 

Ampir^. 

OhmB. 

•5 

56- 

•75 

19- 

35-6 

— 

5-69 

•160 

0-9 

35-6 

•97 

29- 

•8} 

24' I 

34'9 

— 

11-34 

-294 

3-3 

38-5 

i'6 

30-3 

•87 

26-3 

34-8 

1-2 

22-17 

•539 

n-9 

4I-I 

3*39 

34-b 

I'OI 

35-6 

34-5 

3-3 

25-52 

-611 

15-6 

41-7 

5-69 

37'J 

I*  10 

40-7 

33-7 

3*3 

27*33 

.    -644 

17-6 

43-5 

8-40 

39*9 

I-I9 

47-5 

33-6 

4'4 

29-05 

•681 

19*8 

42-7 

IO-7 

41-2 

1-23 

50-7 

33*5 

5-85 

30-99 

•710 

22-0 

43-5 

15-2 

43-8 

1-31 

57-4 

33-4 

7-2 

32-29 

•742 

24-0 

43-6 

34-1 

47-6 

1-44 

68-4 

33"* 

9-2 

34-or 

•772 

26-3 

44-0 

35-6 

SI-2 

1-56 

79-8 

32-8 

II-8 

35-78 

-801 

28-7 

44-7 

4B-0 

53-4 

1-64 

87-6 

32-5 

^5-7 

.37-47 

-817 

30-5 

45-8 

56*0 

55-0 

1-72 

94-6 

320 

62-5 

55-8 

1-76 

98-0 

3i-7 

were  made  as  to  this,  which  led  to  extravagant  expectations  on 
the  part  of  the  public,  and  stimulated  unwise  investments 
which  have  resulted  in  heavy  lo6:<e8.  The  basis  of  the  error 
was  the  comparing  together  things  having  no  relation:  arc 
lamps  giving  2000  candles  light  with  gas-lights  of  10  or  16 
candles  power. 

It  would  be  pure  waste  of  time  to  consider  the  cost  of  arc 
lighting,  because  it  varies  with  the  conditions  of  each  individual 
case :  the  only  useful  information  would  be  a  statement  of  what 
has  been  attained  under  several  conditions,  and  this  would 
be  out  of  place  in  this  work. 

107 1.  Statements  commonly  made  as  to  the  incandeicent 
lights  are  also  misleading  when  ditferent  lamps  are  compared, 
because  while  all  become  more  economical  the  higher  they  are 
forced,  each  one  has  its  proper  limit  at  which  it  will  do  best 
work,  while  working  uninjured ;  a  comparison  of  mere  light  per 
horse  power  is,  therefore,  worthless,  except  at  that  limit, 
because  beyond  that  limit  the  lamp  will  be  speedily  destroyed. 
This  is  illustrated  by  the  case  of  a  single  Maxim  lamp  which 
worked  at  12  candles  gave  136  candles  per  horse-power,  at 
49  gave  426,  and  at  98  candles  gave  607  per  horse-power.  The 
Maxim  lamp  is  in  fact  best  adapted  to  large  powers  and  these 
figures  are  illustrative  of  the  law  of  increase  of  light  explained 
§  1068. 

Another  point  to  be  recognized  is  that  apparent  economy,  as 
measured  in  volt-amperes,  is  greatest  as  the  resistance  of  the 
lamp  is  increased ;  but  on  the  other  hand  the  cost  of  production 
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of  electric  energy  is  greater  per  vcU^mpere  as  the  volts  increase 
in  ratio,  while  the  cost  of  tratumisHan  increases  with  the  ampere 
ratio,  BO  that  the  cost  per  volt-ampere  is  to  be  taken  into 
account  in  comparing  different  lamps. 

1072.  An  important  element  in  the  question  of  cost  is  the 
time  during  which  the  light  is  to  be  employed.  This  does  not 
count  in  the  case  of  gas  supplied  by  a  meter ;  nor  would  it  in 
the  corresponding  case  of  distributed  electricity;  but  the 
interest  on  capital  outlay,  &c.,  and  often  even  vmges  for  attend- 
ance, will  be  the  same  for  500  hours  a  year  as  for  2000. 

1073.  This  is  one  of  those  matters  in  which  **  a  little  know- 
ledge is  a  dangerous  thing."  To  attempt  to  give  actual  fibres 
of  estimated  costs  in  the  space  at  command  would  simply  mis- 
lead the  reader,  so  that  it  is  better  to  refer  him  to  works 
treating  on.  the  special  subject,  or  still  better  to  the  people  who 
actually  undertake  the  work  and  can  consider  the  details  of 
each  case.  A  fair  idea  of  the  probable  cost  will  be  given  by 
the  figures  in  §§  922-4  and  the  remarks  in  §  1060-2. 

1074.  It  is  evident  from  those  sections  that  when  compared 
on  equal  terms,  as  in  the  case  of  incandescent  lights,  the  cost  of 
the  electric  light  must  be  greater  than  that  of  gas  and  that 
there  is  no  likelihood  of  its  supei-seding  gas,  the  cost  of  which 
will  certainly  be  reduced  as  the  residual  products  grow  in 
utility  and  value,  while  it  can  also  be  reduced  by  means  of 
carburetting  processes,  as  in  the  albo-carbon  lamp.  In  fact  it 
has  been  a  great  mistake  of  those  interested  in  electric  lighting 
to  claim  cheapness ;  its  true  recommendation  is  in  its  superior 
qualities,  considered  §§  1062-5,  which  will  in  many  cases  cause 
it  to  be  preferred  though  its  cost  were  double — as  it  really  is. 

1075.  ^^^  ^^^  isolated  places,  such  as  country  houses  or 
villages,  where  gas  cannot  be  cheaply  made,  the  electric  light 
may  well  be  actually  cheaper.  The  same  applies  to  localities 
in  which  there  is  a  natural  source  of  power  available,  or  in 
factories  where  there  is  already  an  engine  with  its  attendants, 
and  therefore  the  cost  is  merely  that  of  the  extra  fuel  consumed 
to  develop  the  power,  and  the  capital  expenditure  on  the 
dynamo  and  fittings. 

1076.  FiTTiNOS. — It  is  needless  to  describe  these:  they  are 
the  subjects  of  many  inventions,  or  at  all  events,  patents ;  but 
they  are  really  adaptaticms,  to  the  specific  purpose,  of  well- 
known  means,  either  already  described  or  obvious  to  any  one 
skilled  in  the  subject :  they  are  merely  forms  of  connections, 
commutators,  &c.,  modelled  on  the  ordinary  gas  fittings,  while 
the  supports,  electroliers,  <&c.,  are  rather  matters  of  art  than  of 
science,  and  however  suitable  to  a  work  on  electric  lighting* 
would  be  out  of  place  here.  ^^^^^^^  ^^  Googk 
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CHAPTEE  XIV- 

mSGBLLANEOUS. 

1077.  The  Electric  Teleobajph. — ^This  subject  it  is  not  neces- 
sary to  go  into  at  all,  as  it  is  cursorily  sketched  in  every  work 
on  electricity,  and  practical  knowledge  can  be  given  only  by 
the  techni(»d  works.  It  is  essentially  an  application  of 
principles  fully  explained  throughout  this  work,  and  resolves 
itself  into  three  distinct  systems. 

(i)  Jndioaiory,  such  as  that  of  the  needle  instruments,  which 
are  to  all  intents  simply  galvanometers. 

(2)  EeeorcUng  or  Mechanical. — Such  are  the  Morse  and  the 
printing  systems,  as  well  as  those  alphabetical  instruments 
which  do  not  record,  but  make  a  temporary  indication.  All 
these  are  actuated  by  electro-magnets  working  or  releasing 
clockwork.  Some  of  these  also  work  by  sound,  the  taps  of  the 
electro-magnet  answering  to  the  contacts  made. 

(3)  Chemcal. — These  work  by  electrolysis,  producing  coloured 
marks  when  current  is  passed  to  the  electrodes,  one  of  which  is 
a  revolving  cylinder,  the  other  a  point,  a  sheet  of  paper 
moistened  with  the  electrolyte  being  interposed  and  drawn 
between  the  cylinder  and  the  style. 

The  telegraph  system  is,  therefore,  simply  the  efifecting  of 
common  electric  actions  at  a  distance,  and  is  wholly  a  matter  of 
resistances,  and  delicacy  of  instruments  fitted  to  work  with  small 
currents. 

1078.  Duplex  Telegraphy, — This,  the  causing  two  messages  to 
bo  tnuDsmitted  by  one  wire  in  opposite  directions  at  the  same 
time,  has  only  been  practically  effected  within  a  recent  period, 
though  the  principles  involved  wore  known  long  before.  It 
depends  upon  a  very  careful  balancing  of  resistances:  the 
currents  do  not  pass  each  other  at  all,  but  if  signals  are  sent 
simultaneously  the  effect  is  that  the  receiving  instruments  are 
really  worked  by  the  batteries  of  their  own  station,  not  by  that 
of  the  sending  station. 

The  instrument  is  essentially  an  electro-magnet  wound  with 
two  wires  exactly  as  a  differential  galvanometer,  and  acting 
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upon  the  same  principles.  In  one  circuit  is  connected  the  line 
wire,  and  to  the  other  a  resistance  equal  to  that  of  the  line. 
Currents  sent  into  this  instrument  from  its  own  end  will 
therefore  not  actuate  it,  as  they  divide  into  two  equal  parts; 
but  a  current  entering  by  the  line  will  actuate  it,  for  (i) 
the  station  itself  is  not  sending  a  current;  then  the  line 
current  passes  through  one  circuit  to  the  junction  and  back 
through  the  other,  through  a  double  resistance,  but  with  double 
power,  and  so  works  the  instrument  in  the  usual  way.  (2)  The 
receiving  station  is  also  sending ;  then  according  to  the  direction 
of  the  currents,  one  of  the  two  circuits  contains  an  additional  or 
an  opposing  electromotive  force,  and  thus  an  extra  portion  of 
the  current  enters  one  of  the  circuits  and  thus  actuates  its  own 
instrument.  The  two  instruments  at  opposite  ends  of  the  line 
being  alike,  and  the  resistances  properly  balanced,  it  will  be 
seen  that  the  operator  at  A  station  always  sends  his  signals  into 
his  own  instrument,  but  these  do  not  afifect  it  unWs  B  is  also 
sending  signals  into  it,  and  therefore  each  operator  only  sees 
upon  his  instrument  the  result  of  the  signals  transmitted  by  the 
other  operator,  although  they  may  be  actually  produced  by  his 
own  battery  set  in  motion  by  himself.  In  the  case  of  submarine 
cables,  there  is,  besides  the  line-resistance,  the  temporary  and 
vanishing  resistance  due  to  **  Charge,"  §  804,  and  to  work  on  the 
dnplez  system  a  similar  condition  must  be  produced  in  the 
secondary  or  home  circuit.  This  is  effected  by  using,  with 
the  resistance  equal  to  that  of  the  line,  condensers  equivalent  to 
the  charge  the  cable  is  capable  of  taking  up. 

Qtiadruplex  telegraphy  is  effected  on  similar  principles,  by  em- 
ploying different  electromotive  forces  and  instruments  arranged 
to  be  suitably  actuated  by  only  one  of  the  currents  transmitted ; 
a  low  force  beins  unable  to  pass  through  a  very  high  resistance 
instrument,  whue  a  small  current  under  high  force,  which  will 
actuate  this,  is  without  effect  upon  an  instrument  arranged  to 
work  with  a  larger  current. 

1079.  Automatic  Transmitters. — There  have  been  many  fonns 
of  these  patented,  but  all  are  modifications  of  that  first  intro- 
duced by  Bain  to  work  his  chemical  receiving  instrument. 
In  principle  the  transmitter  and  receiver  are  the  same.  In 
each  a  revolving  drum  or  cylinder  rotates  under  a  metallio 
style ;  in  the  receiver  these  are  separated  and  yet  electrically 
connected  by  a  paper  moistened  with  an  electrolyte  whi<m 
permits  currents  to  pass,  and  by  the  change  of  colour  produced, 
records  the  time  during  which  current  passes,  and  in  this 
manner  effects  signals.  In  the  transmitter  a  strip  or  sheet  of 
paper  is  interposed,  which  is  perforated  at  the  proper  times  to 
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permit  tlie  point  to  touch  the  cylinder,  and  allow  the  current  to 
pass :  thus  the  marks  on  the  receiving  paper  correspond  to  those 
perforated  in  the  transmitting  paper.  But  by  the  same  means 
any  kind  of  receiving  instrument  can  be  worked,  as  all  trans- 
mitting instruments  depend  upon  the  making  and  breaking 
contact  in  one  or  more  circuits  for  different  graduated  intervals, 
and  the  paper  can  be  arranged  to  effect  this  mechanically.  In 
other  cases  a  sheet  of  metal  is  used,  either  as  a  cylinder  or  in  a 
flat  form,  and  is  written  upon  with  an  insulating  varnish.  The 
style  traversing  over  this  sheet  in  a  succession  of  close  lines 
produces  upon  a  paper  at  the  other  end,  moved  with  the  same 
velocity,  marks  which  reproduce  the  original  writing  or 
drawing. 

The  advantage  of  mechanical  transmission  is  that  while  the 
preparation  of  the  message  takes,  of  course,  much  longer  than 
the  direct  process,  many  such  messages  may  be  preparing  at  the 
same  time.  But  the  actual  transmission  along  the  wire  is 
limited  only  by  the  capacity  of  the  receiving  apparatus  to 
record  the  signals,  so  that  one  wire  and  set  of  receiving  instru- 
ments will  do  the  work  of  many  worked  by  hand. 

The  process  is  also  very  valuable  in  many  experiments  where 
it  is  necessary  to  measure  exactly  the  period  or  duration  of  any 
action,  which  records  itself  on  a  paper  moving  with  a  fixed 
velocity.  Thus  the  relations  of  inducing  and  induced  currents 
may  be  made  visible  upon  papers  travelling  side  by  side,  with 
styles  connected  to  the  primary  circuit  and  the  two  ends  of  the 
secondary. 

1080.  Electric  Organ. — In  this  the  access  of  air  to  the  several 
pipes  or  reeds  is  controlled  by  an  electro-magnet  attached  to 
each,  instead  of  by  rods  and  levers  actuated  by  the  pressure  on 
the  keys.  The  keys  themselves  have  no  mechanical  work  to 
do ;  they  are  simply  **  breaks,"  and  act  by  closing  the  circuit  of 
a  wire  from  each  key  to  its  corresponding  electro-magnet.  The 
work  of  the  performer  is  therefore  far  less  laborious,  and  his 
touch  much  lightened,  while  the  keyboard,  not  formifig  a 
mechanical  part  of  the  instrument,  can  be  placed  in  any  con« 
venient  spot,  or,  in  fact,  at  any  distance  whatever  from  the 
musio-produciuK  instrument. 

If  a  chemical  receiving  instrument  is  arranged  with  a  style 
and  connecting  wire  for  each  key  and  stop  of  an  organ,  &c.,  and 
a  broad  strip  of  suitable  paper  passes  under  them,  when  the  key 
is  pressed  down  a  mark  is  produced,  which  thus  records  exactly 
the  kind  and  duration  of  every  musical  note  produced.  The 
keys  of  a  pianoforte,  and  indeed  of  most  instruments,  can  be 
similarly  fitted  so  as  to  record,  exactly  as  produced,  the  musical 
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thoughts  or  experimeDts  of  the  composer,  or  to  exhibit  to  a 
teacher,  if  required,  the  progress  and  work  of  a  pupil  while 
practising. 

108 1.  £dison's  Motoobaph. — This  is  a  modification  of  Bain's 
chemical  telegraph,  based  on  the  discovery  that  some  liquids 
render  the  paper  slippery  when  current  passes :  as  this  implies 
less  resistance  to  a  mechanical  pull,  therefore,  this  discovery 
enables  motion  and  sound  to  be  produced  at  a  distance  without 
the  aid  of  electro-magnets  or  of  any  mechanism  to  be  actuated 
by  the  current  itself,  as  the  motion  of  the  drum  is  produced  by 
mechanical  means  at  the  receiving  station.  Thus,  if  the  style  is 
mounted  as  a  rocking  lever,  it  is  drawn  forward  by  friction  of  the 
paper  while  no  current  passen,  and  springs  back  the  instant  one 
appears,  so  ,that  it  may  actuate  a  relay,  or  strike  a  bell.  Caustic 
potash  in  solution  gives  the  best  results. 

Edison's  loud  telephone  is  based  upon  this  action,  and  it  was 
at  one  time  imagined  that  an  electromotive  force  was  set  up, 
as  chalk  cylinders  moistened  appeared  to  generate  a  current  on 
being  moved :  the  real  cause  of  this,  however,  was  the  chemical 
action  on  the  brass  axis  of  the  cylinder ;  the  points  pressing  <m 
the  chalk  surface  were  immediately  '*  polarized  "  by  a  £lm  of 
gas,  which  motion  immediately  removed,  and  permitted  current 
to  pass. 

1082.  Electric  Bells. — These  have  the  great  advantage 
over  the  old-fashioned  house  bells  that  their  wires  can  be 
carried  anywhere,  and  require  nothing  beyond  support ;  on  the 
other  hand  they  need  the  maintenance  of  a  battery,  which  is  of 
necessity  a  continual  expense,  though  small,  and  is  veiy 
commonly  a  source  of  annoyance.  Electric  bells,  in  £act,  very 
frequently  fail  to  act,  and  it  should  be  understood  that  this  is 
entirely  due  to  the  want  of  proper  adjustment  of  the  means  to 
the  desired  end.  This  involves  three  considerations:  (i)  the 
source  of  force,  the  battery ;  (2)  the  conducting  wires ;  (3)  the 
bell  itself,  and  these  are  inter-related ;  they  must  be  adjusted 
each  to  the  other,  not  each  considered  as  an  independent 
matter. 

1083.  The  hailery  should  be  one  not  needing  much  looking 
after  and  not  liable  to  speedy  exhaustion.  Only  small  currents 
are  required  for  a  single  bell,  therefore  small  cells  are  suitable 
to  one  or  two  bells,  but  the  size  must  be  proportioned  to  ^e 
number  of  bells  likely  to  be  in  action  at  once,  and  it  is  better 
to  use  large  cells,  where  needed,  rather  than  to  use  several 
small  cells  coupled  as  one.  One  battery  properly  adapted  will 
supply  a  large  demand  on  it,  but  in  some  cases  it  is  better  to 
have  two  or  more  independent  batteries,  so  as  to  avoid  long 

Digitized  by  VjOOQI(: 


I085«]  ELSGTBIO  BELLS  AND  ALABM8.  587 

conducting  wires.  The  battery  may  be  placed  anywhere  out  of 
the  way,  where  not  exposed  to  freezing  and  not  liable  to  have 
its  liquids  speedily  dried  up ;  therefore  it  is  best  contained  in  a 
closed  box  of  its  own:  great  care  should  be  taken  also  to 
prevent  the  cells  from  getting  wet  and  setting  up  local 
circuits.  The  manganese  cells  are  most  commonly  employed, 
and  Bennett's  iron  cells  are  suitable :  where  a  heavy  call  upon 
it  is  likely,  some  forms  of  the  bichromate  cells  are  also  used, 
but  in  these  there  is  of  course  a  local  action.  The  number  of 
cells  in  series  must  be  such  as  will,  after  being  short  circuited 
for  a  minute,  still  freely  work  a  bell  through  the  circuit,  and 
it  is  wise  to  use  a  cell  more  than  is  required,  rather  than  risk 
failure.  Cells  composed  of  a  strip  of  carbon  in  a  deep  porous 
pot  filled  with  granulated  carbon,  placed  in  a  vessel  which 
need  not  be  so  deep  as  the  porous  vessel,  and  charged  with  sal- 
ammoniac  solution,  only  half  filling  the  porous  vessel,  will  serve 
for  circuits  on  which  there  is  not  a  heavy  call,  but  as  they 
must  be  exposed  to  the  air,  they  will  require  occasional  atten- 
tion by  supplying  fresh  water  to  compensate  for  evaporation. 

1084.  Ihe  conductors  may  generally  be  No.  20  wire,  but 
larger  is  preferable.  It  is  necessary  for  one  of  the  wires  to  be 
perfectly  insulated ;  it  is  better  for  them  both  to  be  so,  in  case 
of  accident ;  but  if  one  is  perfect  in  this  respect,  the  other  may 
be  a  naked  wire,  led  anywhere  and  stapled  to  the  wall.  But 
where  it  is  intended  to  use  telephones,  which  will  certainly 
come  into  general  use  by  and  by,  it  is  important  to  have  the 
two  wires  side  by  side  to  avoid  induction,  and  both  insulated. 
A  convenient  wire  for  these  purposes  is  made  with  a  No.  20 
covered  wire ;  and  a  No.  1 8  bare  wire  placed  side  by  side,  and 
covered  with  cotton  as  one ;  this,  being  passed  through  melted 
ozokerit  asphalte,  is  very  fairly  protected  against  damp,  and 
may  be  secured  to  the  plastered  walls  by  staples.  A  better 
plan  is  to  let  into  the  plaster  the  zinc  tubes  used  for  bell  wires 
and  draw  the  conductors  through  this,  and  probably  the  most 
perfect  plan,  where  convenient,  is  to  carry  such  tubes  straight 
up  the  walls  into  the  roof,  from  each  set  of  rooms,  so  that  any 
desired  connection  can  be  made,  at  any  time,  by  tacking  wires 
along  the  rafters  from  tube  to  tube.  In  this  way  a  complete 
system  of  bell  and  telephone  communication  could  easily  bo 
arranged,  and  if  desired,  clocks,  in  the  difierent  rooms,  could 
all  be  worked  from  one  driving  clock  in  the  hall  or  elsewhere. 

1085.  Double  wire  is  not  always  desirable  for  such  a  circuit, 
intended  to  include  several  instruments,  as  the  wire  may  leave 
one  pole  of  the  battery  and  travel  singly  all  through  the  circuit, 
returning  to  the    other   pole.    In  fact  the  circuit  must  be 
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arranged  to  suit  its  purpose:  and  in  BQch  a  hottse  system  a« 
referred  to,  it  would  be  unwise  to  attempt  to  make  one  circuit 
serve  too  many  purposes :  it  would  probably  be  better  to  provide 
a  common  **  return  "  oircuit  of  a  stout  wire,  connected  to  the 
negative  pole  of  all  the  batteries,  if  more  than  one  were  used, 
and  then  carry  insulated  wires,  as  required,  to  constitute  the 
independent  circuits.  Those  who  have  studied  the  prin- 
ciples es:plained  in  other  parts  of  this  book,  will  have  no 
difficulty  in  doing  this  properly. 

1086.  An  example  or  two  may,  however,  assist  some,  and  the 
connections  of  an  annunciator  system  will  serve  the  purpose. 
Let  us  suppose  tiiat  from  every  room  in  a  house  it  is  desired  to 
communicate  with  the  kitchen.  A  single  ''  return,"  or  as  it  is 
commonly  called  **  earth,"  wire  should  be  connected  to  the  xino 
of  the  battery,  and  then  either  traverse  all  the  rooms,  or  pass 
from  floor  to  floor  with  branches  from  it  into  each  room  :  a 
wire  should  connect  the  -f-  pole  of  battery  to  one  terminal  of 
the  bell  in  the  kitchen;  the  other  terminal  would  then  be 
connected  to  the  annunciator  system  by  a  wire  which  would 
there  be  separated  into  as  many  independent  wires  as  there  are 
signal-magnets,  one  terminal  of  each  of  these  being  perman- 
ently connected  in  this  manner  to  the  bell :  now  an  indepen* 
dent  wire  from  the  other  end  of  the  proper  signal-magnet  to  its 
own  proper  room  will  complete  the  system. 

The  magnet  actuated  ^om  any  room,  releases  an  arm  and 
allows  a  disk  to  drop  which  uncovers  the  name  or  number  of 
the  room  and  leaves  it  so  until  the  attendant  has  seen  it  and  by 
pulling  a  string  returned  it  to  its  place,  when  it  is  held  up  by 
a  catch  attached  to  the  armature. 

1087.  The  bell  itself  is  subject  to  one  principle  of  construc- 
tion, it  requires  a  specific  amount  of  mechanical  energy,  which 
will  depend  on  the  volume  of  sound  desired,  and  on  the  strexigth 
of  the  spring  and  the  magnet  which  strikes  the  blow,  §  950.  The 
electro-magnet  requires  to  be  so  proportioned  as  to  supply  this 
energy.  Now  this  involves  the  adjustment  of  its  wire  to  the 
battery :  the  energy  may  be  obtained  by  a  stout  wire  with  few 
turns,  acted  on  by  a  battery  giving  a  sufficient  current  with  a 
low  £  M  F,  that  is  from  one  oell,  or  it  may  be  derived  from  a 
fine  wire  of  many  turns,  receiving  a  small  current  from  a 
battery  capable  of  forcing  it  through  the  circuit.  People  who 
do  not  understand  the  principles  appear  to  expect  that  any 
battery  is  to  work  any  bell,  and  if  it  does  not,  they  complain  of 
imperfection  and  failure ;  but  the  failure  is  in  their  not  pro- 
perly adjusting  the  means  to  the  end. 

1088.  Electric  bells  are  made  on  two  prinoiples,  fingle  tirohe 
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and  tibrating,  and  they  are  made  and  sold  so  cheaply  that  they 
will  hardly  pay  any  one  to  make  for  themselves.  The  simplest 
Gonstniction,  ior  a  bell  to  hang  against  a  wall,  consists  of  a 
piece  of  wood  with  a  pillar  and  screw  to  carry  the  bell :  beyond 
this  the  horse-dhoe  magnet  may  be  attached,  by  means  of  a 
block  of  wood  glued  on  the  base,  so  as  to  go  between  the  arms, 
and  a  thin  piece  of  wood  crossing  the  magnet  and  tightened 
down  upon  it  by  a  wood-screw.  A  metal  stem  just  beyond  the 
magnet  carries  a  spring  to  which  the  armature  is  attached, 
adjusted  so  as  to  play  over  the  required  space  to  give  the 
stroke.  The  hammer  is  carried  on  a  strip  of  elastic  metal 
attached  to  the  armature,  and  so  adjusted  that  when  at  rest 
against  the  magnet  the  hammer  is  just  clear  of  the  bell :  the 
actual  blow  is  given  sharply,  by  the  momentum  given  to  the 
hammer  overcoming  the  spring  of  its  support.  The  distinction 
between  the  two  kinds  of  bell  commences  here. 

(i)  A  single  stroke  hdl  acts  by  the  connections  to  the  two 
circuit  wires  being  made  direct  to  the  two  ends  of  the  electro- 
magnet wire.  The  stroke  is  made  as  often  as  required  by  the 
person  actuating  the  bell. 

(2)  A  vibrating  heU  has  a  break  similar  to  that  of  an  induc- 
tion coil,  §  963.  The  circuit  is  made  from  one  wire  to  one  end 
of  the  magnet-wire,  the  other  end  of  which  is  attached  to  the 
pillar  which  carries  the  armature.  Tlie  other  circuit  wire  is 
connected  to  another  pillar  carrying  a  spring,  the  end  of  which 
carries  a  platinum  point  facing  a  piece  of  platinum  on  the 
armature,  the  distances  being  so  adjusted  as  to  produce  the 
desired  rate  of  vibration  and  length  of  stroke ;  the  object  of  the 
spring  is  to  maintain  the  contact  long  enough  to  secure  the  fall 
magnetism  being  attained.  These  bells  continue  striking  as 
long  as  the  circuit  is  closed  at  the  other  end. 

1089.  Pushes  are  contact  makers,  which  may  be  of  any  con- 
venient construction.  The  ornamental  ones  made  for  sale  consist 
of  a  piece  of  hard  sheet  metal  which  is  cut  into  a  spiral  with  a 
plate  in  the  middle,  which  when  pressed  down,  touches  a  plate  to 
which  one  wire  is  attached  while  the  other  is  attached  to  the 
spiral  itself :  a  loose  plug  rests  on  the  outer  side  of  the  plate 
and  passes  through  a  hole  in  the  cap  which  screws  down  on  the 
base,  after  it  is  fixed  in  its  place  by  screws  passing  through  it, 
and  holds  all  in  position. 

1090.  Two  pieces  of  metal  insulated  from  each  pther,  may  act  by 
being  pressed  together  at  their  ends,  and  this  is  the  best  self- 
acUng  circuU-doser  that  can  be  fitted  to  doors  and  windows  to 
ring  when  they  are  opened  or  shut  as  desired,  according  to  the 
position  in  which  they  are  placed,  being  let  into  the  wood  with 
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the  one  plate  projecting  snffioient  for  the  purpose :  thus,  at  a 
door,  if  to  ring  when  shut,  they  should  be  let  into  the  stop 
against  which  it  closes,  or  behind  the  back  of  the  door ;  if  to 
ring  when  opened,  they  should  be  over  it  and  standing  oat,  with 
the  outer  end  prolonged  and  turned  back  so  as  to  receive  the 
door  again  as  it  closes. 

1091.  To  protect  a  whole  houae^  such  a  pair  should  be  fitted  to 
every  desired  point,  with  a  battery  and  bell  in  the  spot  where  the 
alarm  is  desired,  and  a  switch  to  turn  it  off  when  not  required. 
The  resistance  should  be  large  and  the  alarm  made  accordingly, 
because  a  constant  current  will  be  passing ;  the  alarm  should 
not  ring  the  bell  itself  but  act  as  a  relay  ;  that  is,  its  armatore 
should  be  held  to  the  magnet,  and  when  not  so  held  will  dose  s 
circuit  from  the  battery  to  the  bell  by  springing  back  aninst  a 
stop.  Now  when  the  place  is  shut  up,  the  observer  wiU  torn 
his  switch  on,  and  if  all  is  right,  the  armatore  will  be  at  onoe 
drawn  up  to  the  magnet,  and  then  the  bell  can  be  tamed  on, 
unless  the  switch  is  made  to  close  the  two  circuits  at  one  action. 
If  by  any  negligence  any  place  is  left  unfieustened,  the  bell  will 
ring  and  give  warning,  and  will  do  so  at  any  time  should  a  door 
or  window  be  opened.  Of  course  by  the  more  complex  system 
of  §  1086  the  apparatus  would  at  once  indicate  at  what  point  to 
look  for  the  defect,  or  «^  local  alarm  would  also  act 

1092.  Switches  are  instruments  for  directing  current  to  one  of 
several  instruments.  For  experimental  purposes,  nothing  is 
better  than  a  piece  of  wood  with  a  hole  in  tke  middle,  and  a  ring 
of  equidistant  holes  to  contain  mercury :  a  bent  wire  connects 
the  required  hole  to  the  circuit,  wires  from  each  instrament 
may  dip  in  the  separate  cups :  such  a  switch  is  shown  on  Fig.  561 
p.  208.  A  more  elaborate  instrument  may  be  made  of  a  block 
of  wood,  with  a  pair  of  binding-screws  for  each  instrument,  and 
a  pair  for  the  battery  ;  one  of  these  last  is  connected  to  one  of 
each  of  the  other  pairs ;  the  other  battery  screw  is  connected  to 
the  central  point ;  this  may  be  a  pillar  with  a  spring  traversing 
a  series  of  blocks  connected  each  to  its  proper  screw,  or  it  may 
be  a  block  of  brass  surrounded  with  a  ring  of  segments  as 
described  §  399,  Fig.  58.  An  efficient  rough  instrument  can  be 
made  with  round  headed  brass  screws,  the  central  point  being  a 
similar  screw  passing  through  two  brass  washers  with  uxe 
spring  between  them  ;  the  leading  wires  can  be  soldered  to  the 
screws  on  the  under  side,  or  to  plates  of  copper  either  below  or 
on  the  face,  to  which  the  screws  make  contact. 

1093.  Compound  Switehee. — Where  it  is  required  to  be  able  to 
connect  any  one  of  several  circuits  to  any  one  of  several  others 
(as  of  course  is  done  in   telephonic  exchanges),  a    flexible 
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oonduotor  with  a  plug  at  each  end  can  be  used ;  for  a  moderate 
number,  the  simplest  plan  is  to  arrange  a  set  of  metal  strips  on 
a  board,  vrith  a  second  set  crossing  them,  but  not  in  contact; 
holes  are  bored  at  each  crossing  so  that  a  split  plug  can  be 
passed  through  and  make  connection. 

1094.  Telephony. — ^Until  very  recent  times  it  was  believed 
that  the  production  of  articulate  speech  required  a  complex 
organism ;  yet  every  echo  taught  the  contrary.  However,  until 
speech  actually  issued  from  the  diaphragm  of  the  telephone, 
people  overlooked  the  certain  fact,  that  every  sound  whatever, 
in  crossing  space,  is  resolved  into  vibrations  of  the  air,  and  that 
the  production  of  sound,  musical  or  articulate,  only  requires  an 
initial  motion  which  can  set  up  those  vibrations.  An  echo  is 
due  to  a  surface  which  receives  and  reflects  or  reproduces 
vibrations  in  the  air.  If  we  hold  a  sheet  of  stiff  paper  in  the 
hand  we  feel  it  trembling  in  answer  to  any  sound,  and  those 
tremblings,  if  analysed,  represent  the  sound,  and  if  properly 
applied  will  reproduce  it. 

A  strained  diaphragm  such  as  a  tambourine,  answers  even 
more  perfectly  than  the  sheet  of  paper,  and  proves  that  articu- 
late speech  can  be  produced  by  a  mechanical  vibration.  It  can 
even  translate  the  vibration  into  a  visible  record,  which  was 
done  by  Young  in  1807. 

1095.  Scott*s  Phonautograph  is  the  best  known  instrument  for 
the  purpose;  it  is  a  large  cone  to  collect  the  sound,  with  a 
diaphragm  across  its  base ;  to  the  middle  of  this  diaphragm  is 
attached  a  point  which  rests  lightly  against  a  cylinder  covered 
with  a  layer  of  smoke,  which  being  turned,  records  the  sound  in 
a  series  of  undulating  marks;  each  sound  having  its  own 
specific  form. 

The  9iri7hg  telephone  carries  the  principle  one  stage  further. 
Though  introduced  as  a  common  to^  since  the  discovery  of  the 
electric  telephone,  it  long  antedates  it  in  practical  use ;  unknown 
to  science,  it  had  been  invented  ages  ago  by  the  Chinese,  was 
used  by  the  natives  of  Ceylon,  and  had  even  been  employed 
by  English  schoolboys  for  purposes  of  surreptitious  intercom- 
munication. 

It  consists  simply  of  the  tambourine  connected  by  a  strained 
string  to  another  tambourine,  each  fitted  with  the  cone  of  the 
phonautograph ;  it  is,  in  fact,  a  phonautograph  which  instead  of 
moving  a  point  and  tracing  a  line,  moves  a  string,  and  through 
it  a  second  reversed  phonautograph,  which  reproduces  the 
original  sounds. 

1096.  Edison's  Phonograph  carries  us  another  stage ;  it  is  the 
phonautograph  again,  but  the  smoked  cylinder  is  replaced  by  a 
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groove  covered  with  tin  foil  whicli  records  tlie  motion  of  the 
style  of  the  vibrating  diaphragm,  in  waves,  not  only  in 
one  direction,  as  a  sinuous  line,  but  in  all  directions,  as 
a  waving  groove.  Like  the  string  telephone  it  sets  a  seoond 
diaphragm  in  motion  (or  its  own)  by  the  point  actuated  by  this 
groove ;  consequently  it  is  able  to  effect  this  reproduction,  not 
at  the  moment,  but  at  any  time  and  as  often  as  is  required,  pro- 
vided means  are  employ^  to  transform  the  soft  tin  foil  into  a 
more  enduring  substance. 

1097.  ^^  coMtruction  of  the  phonograph  is  very  simple  in 
principle,  but  requires  the  utmost  care  and  accuracy  of  work- 
manslup  to  secure  satisfactory  results :  it  consists  of  a  cylinder 
of  brass  about  4^  inches  in  diameter,  and  of  length  to  suit 
requirements ;  this  is  mounted  upon  an  axis  prolonged  on  each 
side  more  than  the  length  of  the  cylinder,  to  work  in  bearings 
twice  the  length  of  the  cylinder  apart :  one  end  of  the  axis  and 
its  bearing  are  made  as  usual  in  machinery,  while  the  other  is  a 
perfectly  true  screw  working  in  a  nut,  so  that  when  the  cylinder 
IS  rotated  by  a  handle  on  one  end,  it  traverses  the  space  between 
the  bearings.  A  corresponding  groove  is  cut  in  the  face  of  the 
cylinder  which  should  form  a  square  thread,  not  a  conical  one, 
and  the  threads  should  be  from  8  to  14  to  the  inch,  with  a  depth 
of  about  I -20th  of  an  inch.  The  cylinder  is  covered  very 
smoothly  with  a  sheet  of  best  tin-foil  of  about  i  ounce  per 
square  foot. 

Two  diaphragms  are  best ;  one  like  that  of  the  ordinary  tele- 
phone, made  of  ferrotype  plate  fur  receiving,  and  the  other  of 
tough  paper,  preferably  parchmentized,  from  which  the  sound 
is  reproduced  with  less  injury  to  the  ifoil  than  from  an  iron 
plate ;  as  these  diaphragms  must  be  movable  in  order  to  give 
access  to  the  cylinder,  they  should  be  mounted  upon  hinged 
frames  so  as  to  fall  back,  and  provided  with  a  means  of  exact 
adjustment  as  to  pressure  on  the  foil.  The  simplest  construc- 
tion is  to  fix  a  foot  to  an  upright  board  forming  an  L  section ;  in 
the  upright  part  the  mouth-piece  is  mounted,  and  the  diaphragm 
is  secured  upon  a  circular  moulding,  with  a  screw  cap,  or  in  any 
other  convenient  mode,  ^=0  as  to  act  as  the  telephone  receiver 
does.  The  foot  is  hinged  at  its  further  edge  to  a  similar,  but 
longer  strip  Of  wood,  which  latter  can  be  screwed  to  the  base 
board  at  its  projecting  ends,  when  the  position  of  the  diaphragm 
is  exactly  adjusted  to  the  grooves  of  the  cylinder:  a  pair  of 
springs,  either  of  steel  strip  or  spirals  inserted  in  holes  in  the 
lower  strip,  should  be  used  to  press  the  frame  backward :  a  slot 
should  be  cut  across  the  middle  of  the  base  of  the  frame,  and 
through  this  there  should  rise  an  iron  rod  with  a  screw  cut  on 

Digitized  by  VjOOQIC 


I099*]  THB  PHONOGBAPH.  593 

its  end,  and  carrying  a  button,  snch  as  is  used  to  fasten  doors, 
but  prolonged  as  a  handle  at  one  side,  which  will  pass  freely 
through  the  slot  when  turned  in  that  direction ;  when  turned 
across  the  slot  it  will  press  the  frame  forward  against  the  action 
of  the  springs,  and  so  adjust  the  distance  of  the  point  and  foil  : 
to  aid  the  adjustment,  the  sides  of  the  slot  should  be  formed 
with  a  slight  slope,  and  the  button  be  held  in  place  by  a  spiral 
spring  round  the  rod  to  press  it  upwards  while  a  nut  on  the 
screw  will  adjust  its  exact  position :  then  to  obtain  access  to  the 
cylinder  it  is  only  necessary  to  turn  the  buttons  and  let  the 
diaphragm  frames  fsM  outwards.  The  receiving  diaphragm  is 
made  of  a  ferrotype  plate  as  in  the  telephone,  but  has  a  steel 
point  attached  to  its  centre ;  this  point  may  be  made  from  a 
hard  darning  needle,  and  must  be  so  groubd  as  to  have  a  fine 
smooth  point,  not  sharp  enough  to  scratch  the  foil :  about  half  an 
inch  being  broken  off,  it  should  be  held  in  a  pair  of  pliers,  the 
back  end  moistened  with  soldering  flux,  and  tinned  by  rubbing 
on  a  piece  of  sheet  tin  with  some  solder  on  it  held  over  a  Bunsen's 
burner,  or  upon  a  hot  soldering  iron.  The  plate  should  have  a 
small  spot  cleaned  at  its  centre,  and  being  tiien  supported  over 
a  Bunsen  burner  or  a  spirit-lamp,  at  a  distance  such  as  will  not 
bum  the  varnish,  but  will  heat  the  plate  equally  without 
causing  it  to  buckle,  a  small  piece  of  solder  on  the  spot  will 
melt,  and  the  point  being  carefully  applied  should  be  placed 
perfectly  upright,  and  the  heat  being  removed  the  two  will  be 
firmly  soldered  together. 

1098.  The  speaking  diaphragm  is  mounted  in  the  same  way, 
but  is  on  the  outer  side  of  the  frame ;  it  can  be  most  conveniently 
fixed  like  the  parchment  of  a  dram,  by  being  moistened,  laid 
over  the  circular  rim  arranged  to  carry  it,  and  then  firmly 
pressed  on  by  a  close  fitting  brass  ring,  upon  which  again  may 
be  fitted  the  paper  cone  which  is  used  to  concentrate  the  sound. 
The  point  is  not  attached  to  the  diaphragm,  but  is  carried  by  a 
strip  of  spring  steel  or  brass  screwed  to  the  top  of  the  frame, 
and  it  actuates  the  diaphragm  by  passing  through  a  loop  of  silk 
thread  of  the  proper  length  which  is  attached  to  the  middle  of 
the  diaphragm  by  a  small  square  of  court-plaister  or  other 
simple  means  so  that  the  spring  keeps  a  slight  strain  on  the 
diaphragm. 

1099.  The  points  should  be  adjusted  so  as  to  touch  the  foil  a 
little  beyond  the  axis  of  rotation,  and  so  as  to  slightly  indent 
the  foil  when  at  rest,  and  the  frame  which  is  not  in  use  should 
be  turned  out  of  oontact.  One  diaphragm  is  used  for  both 
purposes,  but  as  Mr.  Shelford  Bidwell  (on  whose  instrument 
described  in  the  English  Mechanic,  26th  April,  1878,  the  foregoing 
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description  is  principally  based)  says,  the  result  is  not  so  satis- 
fjBu^tory  as  with  a  pair  adapted  to  the  different  purposes. 

iioo.  AflatpUUe  wiih  a  spiral  groove  has  been  employed,  and 
would  have  an  advantage  fur  many  reproductions  beoanae  a 
stereotype  could  easily  be  taken  from  it  in  hard  metal  which 
would  be  nearly  indestructible,  or  of  which  many  copies  oonld 
easily  be  produced.  This  would  greatly  add  to  the  value  of  the 
instrument,  which  so  far  has  disappointed  expectation  by  not 
being  applied  to  any  practical  purposes.  It  would  appear  that 
as  an  agency  collects  news  and  even  sends  out  stereotyped  leading 
articles  and  other  matter  for  several  papers,  so  we  might  be  able 
to  enjoy  the  eloquence  of  favourite  speakers  at  any  time  and 
place:  or  a  good  phonograph  might  advantageously  replace 
preachers  who  employ  printed  sermons,  so  as  to  j^imish  a  good 
delivery  and  expression  as  well  as  ideas,  just  as  the  barrel-oi^gan 
distributes  popular  music.  At  all  events  it  might  proclaim 
intelligibly,  on  railway  platforms,  the  various  information  and 
directions  with  which  the  porters  now  puzzle  the  traveller. 
One  practical  use  has  been  recently  devised  in  recording  the 
speech  of  distant  savage  races  for  examination  at  leisure  by 
philological  experts. 

iioi.  The  Telephone. — This  instrument  has  come  into  practi- 
cal use  almost  from  the  day  of  its  first  real  introduction,  and 
unlike  most  inventions  was  perfected  at  once:  but  this  only 
applies  to  the  actual  instrument — to  Bell's  telephone,  which  not- 
withstanding numerous  claimants  to  improvement,  remains  the 
best  for  general  use.  It  is  not  intended  here  to  enter  into  an 
examination  of  the  various  claims  to  the  origination  of  the  tele- 
phone beyond  the  remark  that  it  is  pretty  dear  that  Beias  fully 
conceived  the  idea,  and  made  a  working  apparatus  which,  if 
not  perfect,  onlv  required  a  little  use  to  make  it  so ;  but  hit 
idea  remained  nruitless,  though  it  may  probably  have  been  the 
germ  from  which  the  later  successful  instrument  was  derived. 
There  are  many  people  who,  doing  little  themselves  for  the 
world,  appear  to  find  a  pleasure  in  &ncying  they  ditninifrh  the 
credit  oi  a  successful  worker,  by  pointing  out  that  some  one  had 
anticipated  him,  and  the  vaguest  intimation  of  the  possibility  of 
something  being  done,  is  quite  enough  for  these  people.  On 
the  other  hand,  an  idea  once  published  and  become  as  it  were 
public  property,  becomes  a  seed  which  germinates  in  another 
mind,  and  that  mind  perfects  it,  possibly  without  an  idea  as  to 
whence  the  fertile  suggestion  was  derived,  and  without  this 
origin  in  the  least  diminishing  the  merit  of  the  person  who  has 
ultimately  brought  the  idea  to  completion. 

1 1 02.  It  is  right  to  recognize  the  fact  that  Beiss  really  brought 
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the  telephone  near  perfection,  and  Prof.  Syl.  Thompson  has  done 
good  work  in  demonstrating  the  fact ;  nor  is  it  unlikely  that 
tiie  work  of  Beiss  directly  or  indirectly  influenced  the  mind  of 
many  people,  and  among  them  that  of  Bell  while  working  out 
the  subject.  But  we  must  recogni2se  that  Bell  did  work  it  cnti, 
and  is  its  legitimate  inventor.  Equally  certain  is  it  that  the 
completion  of  the  practical  system  of  telephony  is  due  to  Prof. 
Hugnes,  whose  microphone, /reeZ^  given  to  the  world,  is  the  basis 
of  the  numerous  patents  and  so-called  inventions  for  the  trans- 
mitting part  of  the  system.  Quite  recently  a  new  claimant 
comes  forward,  a  Mr.  Drawbaugh,  who  professes  to  have  dis- 
covered the  telephone  before  Bell.  But  whatever  the  American 
patent  office  may  decide,  and  however  such  a  claim  may  operate 
on  the  market  price  of  telephone  stock,  from  a  scientific  point  of 
view  it  is  impossible  to  attach  any  importance  to  an  invention 
of  which  no  one  heard  anything  till  several  years  after  its 
subject  had  been  successfully  used  all  over  the  world :  a  "  caveat " 
may  entitle  a  man  to  legal  priority  of  invention ;  but  publication 
and  giving  to  the  world  is  the  only  title  in  the  courts  of  science. 

1 1 03.  Gra^s  Harmonic  Telegraph,  and  other  similar  inventions, 
were  a  natund  starting-point ;  they  transmitted  musical  notes, 
and  many  important  uses  could  be  made  of  them  which 
space  will  not  allow  us  to  enter  upon;  but  musical  notes 
and  articulate  speech  have  a  fundamental  distinction.  Musical 
notes,  §  983,  may  be  produced  by  an  even  succession  of  inde- 
pendent impulses,  as  in  the  siren  ;  in  fact  a  card  drawn  along  the 
teeth  of  a  flue  saw  will  produce  a  note  varying  with  the  rate  at 
which  it  is  drawn :  therefore  an  electro-magnet  armature  would 
reproduce  such  notes  at  a  distance.  But  the  production  of 
speech  requires  a  current  not  broken,  but  varying  in  quantity, 
or  what  is  called  an  undulatory  current:  to  produce  this,  the 
circuit  must  not  be  broken  altogether,  but  one  of  two  variations 
may  be  employed. 

(i^  The  acting  electromotive  force  may  be  varied. 

m  The  reeieta'nce  of  the  circuit  may  be  varied. 

Tne  iirst  is  the  principle  of  the  Bell  telephone  used  as  a 
transmitter :  the  second  is  the  principle  of  the  microphone  and 
its  derivatives. 

1 1 04.  The  fundamental  facts  underlying  the  telephone  are 
those  studied  §§  456  and  969. 

(i)  When  a  piece  of  iron  is  moved  in  a  magnetic  field,  it 
disturbs  the  molecular  magnetic  balance  of  the  magnet  on  which 
that  field  depends  :  in  other  words,  the  approach  of  a  piece  of 
iron  to  a  permanent  magnet  causes  a  change  in  the  internal 
molecular  constitution  of  the  magnet  itself. 
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(2)  When  this  magnetic  balance  ie  disturbed,  an  E  H  F  is  set 
up  in  a  wire  coil  snrronnding  the  magnet,  which  will  produce  a 
current. 

(3)  When  a  current  is  produced  in  such  a  coil  by  an  external 
E  M  F  it  affects  the  molecular  constitution  of  iSie  contained 
magnet,  and  also  modifies  the  whole  field. 

1 105.  The  first  and  tffpical  telephone  system  consisted  of  two 
snch  similar  magnets  whose  armature  was  a  flexible  iron  disc : 
the  impulses  of  the  sound  waves  move  the  receiving  disc ;  the 
motion  varies  the  magnetism,  sets  up  a  rising  and  falling  E  M  F, 
and  sends  an  undulating  current  to  the  second  or  speaking  tele- 
phone. Here  the  same  phenomena  are  produced  in  a  reverse 
order,  and  it  was  at  first  supposed  that  the  sound  was  produced 
by  a  mechanical  undulation  of  the  second  disc  corresponding  to 
that  of  the  first,  that  this  disc  in  iaot  moved  as  an  armature 
under  the  varying  strength  of  its  magnet.  The  real  action  is 
much  more  complex,  and  will  be  studied  §1112. 

1 106.  The  currents  of  the  telephone  are  exceedingly  small 
because  they  are  related  to  the  energy  expended  upon  the  disc 
in  vibration,  §  576,  and  this  distributed  over  a  circuit  of  con- 
siderable resistance :  an  ordinaiy  galvanometer  will  not  show 
them  because  they  are  of  necessity  alternating  from  instant  to 
instant:  but  their  existence  may  be  proved  upon  a  delicate 
galvanometer  by  lightly  pressing  the  disc,  when  a  current  in 
one  direction  will  be  shown,  reversed  when  the  pressure  is 
removed :  it  has  been  estimated  that  currents  of  a  tebHniUionth 
of  an  ampere  will  give  audible  sounds.  One  consequence  of  the 
exceeding  smallness  of  the  acting  E  M  F  is  that  even  imperfect 
insulation  will  not  destrov  the  action,  for  telephones  have  been 
worked  by  naked  wires  lying  on  the  ground.  The  two  lines  of  a 
railroad  have  even  been  used  as  the  circuit  for  a  distance  of 
several  miles. 

1 107.  Battery  Currents  were  at  first  employed  by  Ptof.  Bell,  as 
by  all  his  predecessors,  to  actuate  electro-magnets  forming  part 
of  the  circuit,  while  a  **  polarized  armature,"  L  e.  a  permanent 
magnet  attached  to  the  vibrating  diaphragm,  by  its  motions 
varied  the  magnetic  intensity  of  uie  electro  magnet^  and  by  its 
reaction  altered  the  rate  of  current  passing,  which  therefore 
became  an  undulating  current. 

1 108.  The  next  step,  a  simple  and  natural  one  when  it  was 
found  how  small  a  current  would  sufiQce,  was  to  cut  out  the 
battery  and  interchange  the  core  and  armature,  using  a  per- 
manent magnet  core,  whose  magnetic  intensity  was  varied  by 
the  motion  of  the  soft  iron  armature,  which,  being  a  disc  of 
much  greater  diameter,  collects  the  lines  of  force  from  the  otiier 
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pole  of  the  bar.  This  idea  appears  to  have  occurred  to  Prof. 
Dolbear  about  the  same  time  as  to  Prof.  Bell.  But  as  a  matter 
of  principle  the  difference  is  slight;  it  is  merely  a  matter  of 
convenience  and  expenditure,  and  the  introduction  of  the  micro- 
phone, which  requires  an  external  current,  has  made  the  use  of 
electro  or  permanent  magnets  a  matter  of  indifference,  except  as 
to  the  relative  importance  of  cost  and  the  greater  power  of  the 
electro-magnet.  The  regular  current  passing  plays  no  part  in 
transmission,  it  simply  magnetizes  the  core ;  it  is  the  variation 
of  the  current  which  does  the  required  work,  and  the  undulating 
current  derived  from  the  permanent  magnet  is  the  equivalent  of 
that  variation. 

I  lOQ.  Construction. — This  will  be  understood  by  aid  of  Fig. 
122;  the  magnet  M  is  a  rod  of  good  steel  highly  magnetized,  it  may 


Fifl.  122. 
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be  4J  inches  long  by  f  in.  diam.  It  is  often  terminated  by  an  end 
of  soft  iron  to  enter  the  bobbin,  as  this  has  higher  capacity  for 
magnetic  variations,  §  045.  It  fits  in  the  central  tube  of  the 
wooden  casing  W,  and  is  provided  with  a  screw  S  to  adjust  its 
distance  from  the  diaphragm  D.  On  the  end  of  the  bar  is 
placed  the  reel  C,  which  may  be  i^  inch  in  diam.  with  a  space 
of  f  inch,  to  contain  the  wire,  the  size  of  which  should  be 
adapted  to  the  resistance  of  the  circuit,  35  gauge  being  the  most 
generally  useful :  the  ends  of  the  iron  are  carried  down  through 
holes  in  the  wood  to  the  terminal  screws  +  and  — . 

1 1 10.  The  diaphragm  or  disc  is  usually  made  of  ferrotype  plate 
cut  to  a  2 -inch  circle,  with  great  care  not  to  buckle  or  distort  it 
in  any  way ;  it  should  be  held  by  a  narrow  circle  of  india-rubber 
or  soft  paper  above  and  below  it,  to. deaden  the  natural  vibration 
of  the  plate  as  a  whole,  which  would  harden  the  sounds  and  give 
prominence  to  any  vibration  corresponding  to  itself,  §  984. 

The  mouthrpiece  is  a  cap  with  a  conical  space  ending  in  an 
opening  of  half  an  inch,  so  as  to  collect  the  sound  waves  and 
deliver  them  direct  upon  the  centre  of  the  disc. 

11 11.  The  spaces  between  the  disc  and  the  opposing  surfaces 
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should  be  no  greater  than  just  sufficient  for  the  play  of  the 
diaphragm ;  this  obviates  the  disturbanoe  hy  resonance  in  the 
upper  space  and  facilitates  induction  between  the  disc  and  the 
wire,  which  appears  to  play  an  important  part  in  the  action^ 
§  1 115.  For  this  reason  the  slightly  rounded  end  of  the  bar 
should  only  jufit  project  beyond  the  bobbin  and  should  be  brought 
as  near  to  the  disc  as  is  sufficient  to  avoid  any  contact :  uiis 
adjustment  is  best  effected  while  a  note  is  sounded  in  the  instru- 
ment from  an  automatic  break,  so  as  to  perceive  the  exact  point 
at  which  the  best  result  is  obtained. 

11 12.  Action  of  the  Telephone. — ^That  the  speaking  diac 
should  vibrate,  like  the  receiving  disc,  is  naturally  to  be  ex- 
pected; that  such  an  action  does  occur  is  proved  by  an  in- 
teresting  experiment  of  Prof.  Dolbear.  He  coupled  two  tele- 
graph sounders  in  different  rooms,  then  attached  the  cord  of  a 
string  telephone  to  the  armature  of  one,  so  as  to  move  it 
mechanically  when  spoken  to:  the  other  sounder  responded 
freely  to  musical  notes  and  partially  to  speech ;  later  experi- 
menters have  also  found  that  a  common  electric  bell,  or  rather 
its  magnet  and  armature,  will  reproduce  sounds  if  so  adjusted  on 
an  elastic  spring  as  not  to  quite  break  contact. 

But  it  has  been  denied  that  the  sound  is  thus  produced :  the 
vibrations  of  the  speaking  diaphragm  are  so  minute  as  not  only  to 
be  incapable  of  mechanical  measurement,  but  they  are  not  even 
visible  by  reflection  of  light ;  they  can,  however,  be  proved  to 
exist  by  making  the  diaphragm  serve  as  one  of  the  supports  of  a 
rod  of  carbon  fitted  as  a  microphone ;  this  will  then  reproduce  the 
original  sounds,  proving  the  variation  of  pressure,  while  the 
apparatus  constitutes  a  telephonic  relay  which  may  yet  have  its 
uses. 

1 113.  TJie  amplitude  of  a  sound  vibrcUion  may  really  be  in- 
appreciably small,  when  the  sound  itself  is  feeble,  as  in  those  of 
ordinary  telephones:  in  fact,  it  has  been  calculated  that  an 
amplitude  of  400  millionths  of  an  inch  may  suffice ;  it  is  also 
known  that  a  bar  of  iron  lengthens  in  magnetizing,  according  to 
Joule  i-27oooth  of  its  length ;  so  that  not  only  would  the  bar 
lengthen  and  shorten,  but  in  so  doing  it  would  add  this  effect  of 
approximation  to  that  due  to  the  magnetic  increase,  and  so 
produce  a  motion  of  the  disc  which,  while  ample  according  to 
the  foregoing  figures  to  produce  a  sound,  would  yet  be  far  below 
the  limit  of  visibility  or  measurement. 

It  has  been  argued  that  a  molecular  increase  and  decrease  in 
the  thickness  of  the  disc  itself  is  the  source  of  sound,  and  thin  as 
the  disc  is,  the  proportions  would  be  adequate. 

1 1 14.  Iron  in  magnetizing  and  demagnetizing  gives  out  a  sharp 
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"  click  "  to  whicli  tlie  action  is  sometimes  attribute,  but  inter- 
esting as  the  fact  is,  as  an  evidence  that  some  actoal  motion 
occurs  in  magnetizing,  which,  if  frequently  repeated,  even  heats 
the  metal,  yet  it  appears  unlikely  that  the  undulating  currents 
of  telephony  would  produce  that  motion  so  suddenly  as  to 
generate  sound. 

1 115.  We  know  that  inducHve  or  static  charges  set  up  actual 
attractions  as  used  in  the  balance  electrometer,  §  64,  and  that 
such  charges  are  produced  by  and  vary  with  electric  currents, 
§  803,  and  that  these  charges  and  changes  imply  some  action, 
involving  motion  in  the  particles  of  air  between  the  two  surfaces. 
There  is  good  reason  to  suppose  that  this  plays  a  part  in  the 
action,  for  there  must  be  inauoed  charges  between  the  wire  coil 
and  the  metallic  disc,  which  collects  in  itself  the  lines  of  force. 
In  fjEkct  telephones  have  been  devised  which  depend  on  this 
action  alone,  §  112^-4. 

1 1 16.  The  thin  iron  diaphrcigm  may  therefore  be  replaced,  in 
some  forms  of  telephone,  by  thick  plates,  or  other  metals  and 
even  non-metallic  substances.  The  iron  core  even  may  be 
dispensed  with.  Sounds  may  even  be  received  from  a  single 
plate  of  anv  metal  connected  to  one  conductor,  and  held  by  an 
insulating  handle :  in  this  case  it  is  o)xviou8  that  the  action  is 
purely  one  in  the  air  between  the  insulated  plate  and  the  surface 
of  the  face,  which  forms  the  other  electrode  through  the  earth 
circuit.  In  fact»  this  is  an  elementary  type  of  Dolbear's  induction 
telephone,  §  1124. 

1 1 17.  Horse-shoe  tnagnets  are  employed,  instead  of  bars,  upon 
two  principles:  (i)  allowing  the  two  poles,  each  with  its 
bobbin,  to  act  upon  one  disc,  made  elliptical ;  (2)  so  forming  the 
magnet  that  the  second  arm  shall  induce  magnetism  in  the  disc 
so  as  to  concentrate  the  lines  of  force  into  the  space  between  it 
and  the  acting  pole. 

1 1 1 8.  Edison's  receiver  is  derived  from  his  motograph,  §  108 1 :  a 
cylinder  of  moistened  chalk  receives  the  currents  and  transmits 
tnem  to  a  movable  platinum  point  which  is  attached  to  a 
diaphragm :  on  rotating  the  cylinder  this  point  slides  n^ore  or 
less  fre^y  as  the  current  varies,  and  so  actuates  the  diaphragm 
as  to  reproduce  the  sounds  with  an  intensity  sufficient  to  be  heard 
in  a  large  room ;  because,  as  indicated  §1081,  the  mechanical 
energy  has  not  to  be  transmitted,  as  in  other  telephones,  from  the 
point  of  origin,  but  is  supplied  at  the  receiving  end. 

1 1 19.  Edison's  transmitter  produces  an  undiSating  current  by 
varying  the  resistance :  this  is  effected  by  pressure  exerted  by 
the  diaphragm  upon  a  block  of  carbon  composed  of  compressed 
lampblack.    Mr.  Edison  claimed  the  discovery  of  this  change- 
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able  reslBtance  as  made  by  him  in  1873  Aiid  utilized  is  piodncbg 
rheostats  acting  by  varying  pressure  upon  powdered  carbon  in 
glass  tubes.  There  is  no  reason  to  doubt  the  actual  disoorexy, 
but,  like  many  other  supposed  inventions,  the  fact  itadli  to 
public  property,  having  been  published  by  Du  Monoel  in  1856, 
and  rheostats  were  made  on  this  principle  in  Germany  in  1865. 
But  the  fact  has  been  very  usefculy  applied  by  Mr.  Edison  not 
only  in  telephony,  but  in  other  delicate  instruments,  such  as  the 
micro-tasimeter. 

The  external  form  is  similar  to  the  Bell  telephone,  for  00&- 
venience  of  holding,  but  the  movable  rod  which  replaces  tbe 
magnet  is  only  of  use  for  adjusting  the  initial  pressure :  on  this 
is  laid  a  platinum  plate  connected  to  the  circuit,  then  the  block 
of  compressed  carbon,  covered  by  another  platinum  electrode, 
and  a  plate  of  ivory  or  glass :  in  the  middle  of  this  a  htm 
cylinder  (which  replaces  an  india-rubber  block  at  first  used) 
transmits  the  motions  of  the  diaphragm,  or  the  varying 
pressures  due  to  the  impact  of  the  sonorous  waves  when  a  more 
solid  or  non-vibrating  plate  is  used. 

1 1 20.  Trantmiiters  in  which  the  renHanee  varies  permit  the  nee 
of  induction  ooils :  adapted  either  to  sending  currents  through 
large  resistances,  or  of  working  telephonic  condensers  by  charge. 
The  transmitter  replaces  the  contact  break  and  sends  undnlatonr 
currents  from  a  battery  into  the  primary  of  the  coil,  while 
exactly  similar  undulations  are  produced  in  the  secondary  wire: 
these  however  have  a  much  higher  E  M  F  than  those  of  the 
battery,  and  are  adapted  either  to  sending  currents  through 
a  high  resistance,  or  to  working  condenser  telephones  br 
"  charge." 

1 121.  A  simple  form  of  transmitter  which  effects  the  same 
actions,  while  really  based  on  different  principles,  may  be  made 
with  a  pieoe  of  wood  on  which  a  plate  of  metal  is  laid  for  tbe 
electrode,  on  this  is  placed  a  piece  of  thick  soft  felt,  such  as  is 
used  in  pianos  or  for  corn-plasters,  and  perforated,  as  in  those 
plasters,  with  j-8ths  inch  holes  all  over  its  surface ;  these  h(A& 
are  packed  witn  small  fragments  of  graphite  and  then  the  felt  is 
covered  with  a  piece  of  tinsel  foil  serving  as  the  second  electrode; 
a  piece  of  wood  with  a  hole  in  its  centre  is  laid  on  and  pressed 
down  by  screws  passing  to  the  other  wood,  of  course  clear  of  the 
metals.  The  loose  tinsel  replaces  the  vibrating  diaphragm,  and 
under  the  varying  pressures  of  the  sound-waves  it  bends  over 
the  pieces  of  graphite  and  makes  more  or  less  of  surface  contact, 
both  of  its  own  surfaces  and  among  the  various  fragments ;  in 
fact,  it  acts  just  as  the  microphone  does. 

1 1 22.  BeMs  original  trantmitter  is  a  close  approximation  to  the 
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mioroplione :  it  consists  of  a  light  balanced  lever,  one  end  rest- 
ing against  the  diaphragm,  the  other  closing  a  cont8u;t,  which  if 
made  against  an  elastic  face  would  produce  varying  pressnres 
rather  than  actual  break  of  circuit,  or  might  introduce  a  mere 
film  of  air,  remaining  a  conductor  as  in  the  arc. 

The  microphone  takes,  in  £BM!t,  just  that  slight  step  by  providing 
contacts  which  vary  in  number  and  pressure,  and  tiierefore  in 
conducting  capacity. 

1 123.  Varlei/'s  Condenter, — This  consists  of  an  ordinary  con- 
denser made  of  a  number  of  sheets  of  tin  foil  separated  by  double 
sheets  of  thin  paper  coated  with  shellac  varnish ;  the  sound  is 
produced  by  the  actual  motion  of  the  foils  and  papers,  resulting 
from  the  successive  attractions,  together  probably  with  undula- 
tions of  the  contained  air.  It  was  patented  April  1870,  and  was 
mainly  intended  to  assist  in  multiple  telegraphy,  the  working  out 
of  which  was  in  fact  tiie  object  of  the  other  telephone  inventors. 

1 1 24.  Prof.  Bolbear  carried  the  idea  a  step  further  by  pro- 
ducing a  telephone  consisting  of  a  simple  air-condenser  composed 
merely  of  two  plates  close  to  each  other,  each  connected  to  one 
terminal  of  the  circuit :  its  action  depends  on  the  principles 
explained  §  1 1 16 :  as  it  requires  a  high  E  M  F  to  work  it,  such 
as  is  derived  from  the  induction  coil|  it  is  less  subject  to  dis- 
turbance by  surrounding  actions,  which  are  usually  at  a  low 
EMF. 

1 125.  Mr.Preece  has  shown  that  the  varying  temperature  and 
consequent  expansion  and  contraction  produced  in  a  wire  carry- 
ing the  current  will  reproduce  sounds :  he  found  platinum  wire 
of  *ooi  inch,  5  inches  long,  stretched  between  a  pillar  and  a 
diaphragm,  to  give  the  best  results. 

1 1 26.  The  attractions  between  the  turns  of  a  helix,  §  964,  either 
with  or  without  an  enclosed  magnet,  have  also  been  proposed  to 
vibrate  a  diaphragm,  as  also  have  been  the  polar  attractions  of 
the  two  arms  of  an  elastic  horseshoe  magnet. 

1 127.  If  a  bar  of  soft  iron  be  hammered  out  flat  for  about 
half  its  length,  sufficiently  thin  to  vibrate  pretty  freely,  and  then 
bent  first  at  right  angles  where  it  begins  to  thin,  and  curved 
over  itself  as  a  swan's  neck,  and  a  coil  of  iron  be  applied  under 
the  first  bend,  an  intermittent  current  produces  vibrations  of  the 
thin  end,  although  the  magnetic  polarities  are  the  same  at  the 
bend  and  its  opposing  end:  this  is  because  the  return  lined 
of  force  are  greater  in  one  case  than  the  other,  and  also  because 
the  change  of  magnetism  occurs  more  rapidly  close  to  the  coil 
than  at  the  ends,  so  that  for  a  moment  there  is  a  difference  of 
polarity  generated.  Such  an  apparatus  acts  as  a  telephone  if  a 
disc  of  cork  is  adjtusted  to  the  vibrating  end. 
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1 128.  The  great  diffioulty  of  the  telephone  is  that  its  extreme 
sensitiveness  reveals  electric  variations  inappreciable  by  anj 
other  means.  It  testifies  to  the  slightest  changes  of  magnetic 
intensity,  or  of  electric  cnrrent  anywhere  in  its  neighbourhood. «. 
This  facnltv  is  utilized  in  the  induction  balance,  §  1 166  and  in 
replacing  the  galvanometer  in  the  Wheatstone  Bridge,  and  in 
testing  changes  as  suggested  §  840:  in  like  manner  it  prova 
that  tiie  currents  from  dynamo  machines  are  not  absoliitely 
constant,  and  Bhows  the  intermittence  of  the  action  of  the  Holi 
and  similar  machines,  and  of  vacuum  tubes  when  the  strisd  are 
manifested  even  from  a  battery,  such  as  described  §  loi.  For 
such  purposes  two  suitable  circuits  are  wound  parallel,  or  an 
induction  coil  with  break  screwed  down  can  be  used. 

1 1 29.  Telephone  Circuit. — As  a  consequence,  the  telephone  is 
subject  to  numerous  disturbances.  The  receiving  diso  may  bd 
disturbed  by  surrounding  sounds  or  mechanical  vibrations,  as 
well  as  by  the  speech  directed  to  it,  but  this  may  be  guarded 
against.  The  varying  currents  passing  in  neighbouring  wires 
-mU.  induce  currents  in  the  telephone  circuit,  and  some  very  ex- 
traordinary instances  of  this  are  on  record.  The  only  sore  pro- 
teotion  against  this  is  to  use  double  wires  of  the  same  dimenaians 
for  the  circuit,  and  these  ought  really  to  be  twisted  up  as  a  cord, 
to  ensure  equal  distance  of  the  two  wires  from  all  surroundings. 
The  rapacity  of  make-believe  inventors  has  been  fully  ezerciwd 
in  this  matter,  and  the  most  obvious  expedients,  sudi  as  would 
occur  to  anyone,  have  been  coolly  patented ;  even  the  mere  use 
of  a  return  wire  circuit,  instead  of  the  "  earth,*'  was  patented, 
and  possibly  the  patent  was  sold,  although  this  is  the  ordinary 
mode  of  forming  an  electric  circuit,  and  the  earth  return  is  a 
mere  matter  of  economy.  It  is  doubtful  whether  patents  are 
valid  when  claiming  such  public  property,  merely  because  it 
can  be  obviously  applied  to  some  new  use,  new  only  because 
the  subject  may  be  new,  as  in  telephony ;  but  it  is  not  donbtfol 
that  they  ought  not  to  be  valid. 

11 30.  The  Microphone. — If  two  wires,  forming  part  of  a  circuit 
with  a  battery  and  a  galvanometer,  be  simply  laid  across  eadi 
other,  a  current  will  be  seen  to  pass :  if  pressure  is  applied  to  the 
crossing,  this  current  will  be  seen  to  increase.  It  is  said  that 
pressure  diminishes  the  resistance,  but  the  intelligible  explana- 
tion is,  that  it  increases  the  conducting  capacity,  by  sUghtly 
flattening  the  wires  and  enlarging  the  actual  surfaces  in  contact. 
This  is  Vie  principle  of  the  ''  Microphone."  Frof.  Hughes  ob- 
served that  the  vibrations  due  to  sound-waves  were  sufBci^iit 
to  produce  this  varying  conductive  capacitv,  and  devised  an 
apparatus  for  applying  the  vibrations,  which  being  influenced 
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by  almost  infinitesimal  vibrations,  and  manifesting  them  as 
comparatively  lond  soTinds,  lie  called  tlie  microphone.  This 
inBtnunent  he  gave  to  the  world,  and  it  is  the  foundation  of  most 
of  the  patented  transmitters  now  in  use. 

1131.  In  fact,  the  form  and  arrangement  may  be  varied 
almost  ad  infinitum,  as  may  the  materials,  though  it  is  fonnd 
that  carbon  is  the  most  advantageons  in  practice.  The  simplest 
and  earliest  experimental  apparatus  consisted  of  two  nails  with  a 
coin  lying  over  them :  if  we  place  a  finger  on  the  top  of  a 
table,  and  then  speak  to  the  table,  we  shall  feel  a  vibration  due 
to  the  impact  of  the  sound-waves,  and  this  is  sufficient  to 
produce  a  varying  contact  between  the  coin  and  nails ;  substi- 
tute for  the  table  a  better  resonator  or  sound-board,  or  elastic 
diaphragm,  and  for  the  nails  and  coin,  pieces  of  carbon  in  variable 
juxtaposition,  and  we  have  the  microphone,  which  as  at  first 
stated,  to  the  surprise  of  the  world,  would  make  the  ''  tramp 
of  a  fly  "  audible  at  a  distance.  In  fact,  it  has  been  said,  with 
scientific  truth,  that  a  fiy,  when  it  settles,  shakes  the  world : 
that  shake  is  however  not  appreciable,  but  each  footstep  of  the 
fiy  will  certainly  vibrate  a  sensitive  sound-board,  and  what  is 
heard  in  the  telephone  is  not  the  footstep  of  the  fly,  but  a  wholly 
new  sound,  the  mechanical  equivalent,  not  of  the  work  done  by 
the  fly,  but  of  a  disturbance  in  an  electric  circuit  in  which 
strong  forces  may  operate. 

1 1 32.  The  most  seneitive  form  consists  of  a  vertical  sound-board 
or  diaphragm  on  which  are  secured  two  blocks  of  carbon  con- 
nected to  the  circuit :  in  each  of  these  a  small  conical  hole  is 
formed  to  receive  the  conical  ends  of  a  light  stick  of  carbon. 
The  cup  and  hall  transmitter  of  Mr.  Strangways  is  a  modified 
form  of  this :  he  takes  the  upper  part  of  a  telephone  as  in  Fig. 
122,  and  replaces  the  magnet  and  coil  by  a  block  of  carbon  ^ith  a 
deep  cone  formed  in  it ;  a  similar  block  is  attached  to  the  lower 
face  of  the  disc,  and  a  sphere  of  carbon,  like  a  pea,  is  placed 
between ;  then  die  angle  is  adjusted  so  that  this  pea  makes  con- 
tact between  the  two  carbons,  by  lying  across  the  joint,  and  the 
motion  of  the  disc,  when  spoken  to,  varies  the  surface  in  contact. 

In  fact,  it  is  better  in  all  cases  to  attach  only  one  terminal  block 
to  the  vibrating  surface  and  the  otber  to  a  fixed  point  capable  of 
adjustment,  or  to  a  spring  or  weight  independent  of  the  sound. 

Edison's  transmitter,  §1119,  is  really  actuated  in  the  same 
manner  as  these  forms  of  microphone,  though  Mr.  Edison  him- 
self at  first  thought  an  actual  variation  of  conductivity  occurs ; 
but  it  is  now  known  that  the  effect  in  all  cases  is  due  to  a  more 
or  less  perfect,  or  greater  or  less  sur£Eice  of  contact 

1 133.  THBOiaES  OF  Microphone  Action. — There  has  been  much 
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discnssion  on  this,  and  several  explanations  are  maintained ;  as  (i) 
a  variable  resistance  due  to  compression  of  the  oarbon  itself — ihk 
is  now  entirely  disproved ;  (2)  variation  due  to  alteration  of  the 
number  of  molecules,  or  area  of  surfiftoe  in  aotual  oontact ;  (3) 
variation  due  to  pressure  of  air  film  preventing  absolute  contact, 
but  itself  acting  as  a  conductor ;  (4)  the  formation  of  a  varying 
are  of  varying  resistance,  in  such  an  air  film ;  (5)  an  intermittent 
and  complete  make  and  break  of  circuit  The  last  two  may 
appear  alike,  but  there  is  an  essential  difference  of  principle 
between  them,  dependent  upon  whether  the  circuit  is  actually 
broken  and  current  stopped,  or  whether  there  is  merely  a  rise  and 
fall  of  conducting  capacity,  never  interrupted,  with  a  consequent 
undulating  current 

1 1 34.  The  air  film  theory,  and  that  of  actwd  caniaet  differ,  and 
yet  agree,  for  the  question  arises,  What  is  actual  contact  in  this 
aspect  P  All  surfaces  have  a  film  of  air  (§  642)  on  their  snrfaoes, 
while  carbon  possesses  special  powers  01  condensing 


Microscopic  examination  tends  to  show  that  there  is  a  sliffht 
separation,  and  even  a  repellent  action,  and  Mr.  Stroh  has 
estimated  that  a  space  of  i -2000th  of  a  millimetre  ezista,  at  all 
events  in  a  delicatel v  balanced  microphone  :  it  seems  improbable 
that  such  can  be  the  case  where,  as  in  the  Edison  and  Blake 
transmitters,  a  considerable  initial  pressure  exists.  Messrs. 
Frobert  and  Soward  appear  to  have  proved,  in  a  paper  read 
April  1 2th,  1883,  to  the  Society  of  Telegraph  Engineers,  that 
this  film  does  exist,  for  they  arranged  a  microphone  oontact  in  a 
vessel  through  wluch  they  passed  streams  of  different  gases  and 
found  a  difference  of  resistance,  viz.  moist  air  386  ohms ;  dry  air 
520  :  carbonic  acid  435,  and  hydrogen  600,  with  corresponding 
effects  in  reproducing  sounds. 

II 35.  Butmuikminviefilmsarecaikdwiorsi  that  is  to  say,  electric 
transmission  takes  place  across  them  just  as  it  does  through  a 
moderately  good  conductor  of  high  specific  resistance,  though 
this  may  be  for  air,  greater  than  that  of  carbon,  as  this  is  greater 
than  that  of  silver,  p.  283  :  or  it  may  be  simply  a  question  as  to 
the  distance  at  which  the  molecular  actions  can  occur,  and 
produce  electric  transmission.  But  we  know  that  such  films  do 
not  arrest  electric  transmission,  for  even  the  very  low  £  M  F 
employed  in  electro-metallurgy  surmounts  them.  A  piece  of 
gold  fresh  cleaned  receives  an  adherent  coating  of  copper ;  but 
if  we  leave  it  exposed  to  the  air  to  reform  its  film,  we  can  at 
once  deposit  copper  on  it  freely,  but  the  coat  will  not  adhere, 
§  642  :  we  have  here  the  distinction  between  moUcuiar  contaeland 
circuit  acroM  an  airJUm,  but  it  is  evident  no  arc  can  aooouipany 
this  transmission. 
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FroL  Blytli  has  however  proved  that  an  arc  may  be  formed 
in  the  film  of  air  and  will  act  as  a  transmitter,  but  he  nsed 
an  E  F  M  altogether  ont  of  practical  range.  It  is  also  known 
that  a  variable  arc  lamp  will  give  rise  to  sounds  in  a  telephone. 

1 136.  Equal  variations  of  pressure  do  not  produce  equal  changes  of 
resistance. — Mr.  Shelford  Bidwell  has  published  a  very  full  series 
of  experiments  which  show  that  the  greatest  variation  occurs 
while  the  pressure  is  small,  and  that  a  limit  is  soon  reached  at 
which  little  effect  is  prodnoed :  it  would  appear  as  though  the 
early  action  is  to  thin  and  squeeze  out  the  air  film,  then  to  press 
more  surfaces  together  until  the  limit  of  elasticity  is  reached. 

1 137.  He  also  found  that  the  resistance  varies  wiih  different 
currents :  therefore  there  is  something  besides  resistance  to  be 
considered.  The  resistance  varies  most  with  small  currents, 
pressure  being  constant,  but  is  lowered  by  the  increase  of 
current,  pointing  to  an  action  of  the  heat  developed  at  the 
contact,  which  is  not  readily  conducted  away,  because  carbon  is 
a  bad  oondaotor  of  heat. 

1 1 38.  Principles  op  Construction. — The  adjustment  and 
the  resistance  must  be  suited  to  the  required  purposes :  for  very 
slight  sounds  or  motions  the  moving  parts  must  be  very  light 
and  the  capacity  of  motion  very  delicate:  but  if  such  an 
apparatus  were  used  to  transmit  speech,  little  more  than  a 
continuous  roar  would  be  heard.  For  this  purpose  heavier 
masses,  greater  pressure,  and,  as  Prof.  Hughes  indicated  from 
the  first,  several  separate  junctions  are  required,  as  now  used 
in  the  Qower  transmitter.  This  consists  of  a  sound-board,  to 
the  middle  of  which  a  round  block  of  cairbon  is  attached,  having 
six  conical  holes  around  it;  six  corresponding  blocks  are 
arranged  in  a  circle  around  the  sound-board,  and  pointed  carbon 
rods  connect  them :  three  of  the  blocks  on  each  side  are  con- 
nected together,  and  to  one  terminal,  so  that  the  system  acts 
as  three  pairs  of  contacts  in  multiple  arc,  and  two  in  series. 

1 1 39.  The  principles  for  a  speaking  microphone  may  be  con- 
veniently stated  nearly  in  Mr.  Bidwell's  conclusions  from  his 
experiments :  (i)  The  constituents  (moving  carbons)  should  be 
numerous.  (2)  They  should  all  be  in  multiple  arc.  (2)  They 
should  be  heavy,  to  give  inertia.  (4)  The  pressure  snould  be 
light,  by  adjustment.  (5)  The  resistance  should  be  small,  and 
adjusted  to  that  of  the  whole  circuit.  (6)  The  current  should 
be  large  in  the  whole,  but  small  at  each  contact. 

114a  Distance  of  Transmission. — ^There  appears  no  reason 
why  mere  distance  should  be  of  any  moment,  nor  the  mere  resist- 
ance of  the  circuit.  Prof.  Bell,  at  an  early  period,  spoke  through 
2jo  miles  and  through  6o,cxx?  ohms.     Statements  have  been 
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made  lately  as  to  working  through  1000  miles  and  even  ijcx>, 
hut  this  latter  was  in  Australia,  wUh  no  tarrounding  ocfioiM. 
Sermons  are  said  to  have  heen  heard  100  miles  away,  but  that 
indicates  a  special  quiet  time.  It  appears  unlikely  that  practical 
work  will  he  done  over  any  serious  distance,  because  digUmce 
invokes  induction,  §  11 29.  Though  two  wires  may  protect 
against  external  induction,  and  wholly  remedy  that  evil  for 
short  distances,  they  will  create  it  for  long  ones  in  the  form  of 
"  retardation."  It  is  shown,  §  106,  that  current  is  propagated 
step  by  step,  and  in  §  95  that  this  and  *'  charge "  are  simul- 
taneous and  inter-^ependent ;  therefore  with  two  wires  +  and 
—  at  one  end,  the  circuit  must  charge  and  discharge  the 
dielectric  which  separates  the  wires  at  every  change  of  current, 
before  it  can  transmit  a  working  current  to  the  distant  end. 
The  rapid  changes  of  telephony  must  therefore  soon  overlap 
and  confuse  each  other.  For  long  distance  a  circuit  of  very 
small  inductive  capacity  is  necessary,  and  this  would  require 
the  two  wires  to  be  at  some  distance  apart  and  free  firom 
separate  external  induction. 

1 141.  Telephone  Systems. — Space  will  not  permit  the  de- 
scription of  the  arrangements  of  the  regular  telephone  *' ex- 
changes," nor  is  it  necessary,  as  those  concerned  in  them  must 
abide  by  the  arrangements  in  each  case.  But  it  may  be  useM 
to  show  such  a  system  as  any  person  can  employ  for  personal 
requirements.  The  actual  apparatus  to  be  employed  ^will  be 
readily  selected  and  made  by  those  who  comprehend  the 
general  descriptions  already  given,  and  who  are  capable  of  such 
work,  while  there  are  plenty  of  manufacturers  reiidy  to  supply 
suitable  apparatus  to  those  who  require  their  aid. 

The  line  wires  should  have  as  low  resistance  as  possible,  and 
double  wire  of  18  gauge  ozokerit  insulated  is  made  up  for  the 
purpose.  Earth  circuit  may  be  used  where  not  subject  to 
induction. 

A  caU  is  a  first  essential,  and  many  attempts  have  been  made 
to  make  the  telephone  itself  serve,  but  the  ordinary  bell  is 
generally  used,  now  that  battery  currents  are  again  employed. 
A  rough  call  may  be  made  with  a  tambourine  having  a  piece 
of  iron  on  its  middle,  acted  on  by  an  electro-magnet. 

The  call  may  be  actuated  direct,  or  a  relay  can  be  used  to  set 
a  local  battery  in  action ;  with  a  polarized  armature  this  will 
also  enable  the  speaker  to  select  which  of  two  instruments  he 
may  desire  to  address,  according  as  he  sends  positive  or  negative 
currents  to  the  line  by  means  of  a  reversing  commutator. 

1 142.  Fig.  123  is  a  diagrammatic  explanation  of  the  prin- 
ciples of  a  complete  circuit,  the  actual  arrangement  of  which 
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may  be  greatly  varied.  L  is  the  line  wire  oosneoted  to  the 
movable  lever  or  spring  H,  upon  which  the  telephone  is  hung 
when  ont  of  nse,  so  that  its  weight  shall  place  H  in  contact 
with  the  point  i  and  the  call  system  :  this  circuit  then  passes 
by  the  spring  6  to  point  4  connected  to  the  electro-magnet,  and 
thence  through  the  vibrating  spring  S  to  E.  E  represents  the 
earth-plate  or  return  wire,  to  which  various  connections  have 
to  be  made. 

Fio.  123 


If  the  other  instrument  is  to  be  called,  the  push  puts  B  in 
contact  with  point  3,  by  which  the  positive  pole  of  the  battery  C 
is  put  to  line ;  Z,  the  negative,  being  permanently  to  earth ;  this 
sends  out  a  current  whicb  acts  as  just  described  in  the  other 
instrument. 

Unhooking  the  telephone  puts  the  speaking  system  in  circuit, 
as  shown,  by  means  of  a  double  contact  key  or  switch,  put  on 
point  6  to  receive,  and  on  point  7  to  send  a  message,  its  moving 
arm  putting  either  the  telephone  or  transmitter  to  earth  as 
required. 

The  transmitter,  of  whatever  form,  shown  as  a  simple  micro- 
phone M,  is  connected  to  the  batteiv  through  a  switch  or  plug 
P,  to  cut  it  off  when  not  in  use,  tne  current  passing  through 
the  primary  of  the  induction  coil  I,  and  to  the  zinc  of  tho 
battery.  The  secondary  wire  completes  its  circuit  through 
point  7,  and  the  switch  to  its  own  earth,  and  through  point  2 
and  H  to  the  line  and  the  distant  instrument  earth. 

If  a  simple  telephone  is  used  to  speak  through,  its  second 
wire  is  put  to  earth  instead  of  to  point  6,  and  the  one  telephone 
employed  for  both  speaking  and  hearing,  or  two  connected  in 
arc  or  series,  may  be  employed. 
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1 143.  Eadiophony. — One  of  the  most  interesting  of  recent 
disooveries,  on  scientific  grounds,  is  the  extreme  sensitiveness 
of  matl«r  to  the  smallest  variation  in  the  streams  of  radiant 
energy.  To  the  ordinary  perception  it  appears  that  changes  of 
temperature  require  considerahle  time  to  produce  any  effect 
upon  matter,  but  we  now  have  learnt  that  they  are  attended 
with  great  molecular  changes,  modifications  of  structure  and 
properties,  which  occur  with  a  rapidity  comparable  only  to  the 
speed  of  light,  and  which  show,  as  stated  §  847,  that  each 
molecule  of  matter  is  the  centre  of  action  of  many  forces,  and 
swayed  instantly  by  any  change  of  relation  among  those  foroes. 

1 144.  Sounds  as  explained  §§  983  and  1094,  ^^  simply  a  oibra- 
tion  which  is  perceived  and  measured  by  a  special  organ,  the 
ear,  but  which  may  also  be  seen  and  felt.  Like  light,  it  involves 
a  aource,  a  mode  of  ^opagation,  and  a  receiver,  and  like  light  it 
may  be  propagated  in  circular  waves  around  its  source,  or  con- 
centrated in  a  *'  beam."  Its  vibrations  may  also  be  taken  up 
by  a  resonant  surface,  such  as  a  sound-board,  which  then 
becomes  a  new  source. 

1 145.  Wheatstone^s  lyre  illustrates  the  principles  to  be  borne 
in  mind.  If  a  musical  box  be  set  playing,  its  sound  will  not  be 
heard  in  a  room  several  stories  above,  even  if  a  small  opening 
be  made  through  the  several  floors;  but  if  through  these 
openings  there  passes  a  light  rod  of  pine- wood,  resting  on  the 
box,  or  a  resonant  table  on  which  the  box  stands,  and  terminat- 
ing above  in  a  sound-board,  then  the  music  will  be  heard  in 
the  upper  room.  The  reason  is,  that  air  is  actually  one  of  the 
worst  transmitters  of  sound,  though  the  usual  means  of  trans- 
mission :  pine-wood  transmits  sound  much  more  freely,  and 
with  about  sixteen  times  the  velocity.  It.  is  on  this  principle 
that  the  "  stethoscope  "  is  based,  and  enables  us  to  hear  sounds 
in  the  interior  of  tne  body,  which  cannot  be  perceived  by  the 
ear  alone. 

1 146.  A  beam  of  radiant  energy  may  be  compared  to  the  rod 
of  Wheatstone's  lyre,  or  .to  the  cord  of  the  string  telephone, 
which  both  transmit  a  stream  of  energy,  and  the  essential 
point  of  radiophony  is  that,  if  the  stream  of  energy  is  niade 
intermittent,  the  intermissions  correspond  to  the  sucoeeaive 
impulses  in  the  rod  or  cord,  and  that  such  impulses,  falling 
upon  a  surface,  may  excite  such  momentary  expansions  and 
contractions  as  will  generate  soimd-waves,  just  as  thoug^h  the 
resulting  molecular  undulations  were  caused  by  an  actual 
vibration.  This  effect  is  in  fact  identical  with  that  considered 
as  occurring  in  the  telephone,  §  1 1 1 2. 

1147.  The  simplest  interrupter  is  a  metal  disc  mounted  on  an 
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axis,  and  with  a  number  of  equidistant  holes  formed  near  its 
edge,  the  beam  of  light  being  condensed  upon  the  point  cut  by 
the  holes  when  the  disc  is  rotated.  Now  this  is  one  form  of 
** siren; "  for  properly  fitted,  with  a  stream  of  air  directed  on  the 
holes,  we  produce  a  musical  note,  varying  with  rate  of  rotation. 
In  like  manner,  if  we  make  the  diso  of  iron,  and  place  an  electro- 
magnet with  a  telephone  in  its  circuit  on  one  side,  and  a 
magnet  pole  on  the  other,  we  have  the  magneiophonej  which 
produces  the  same  notes.  We  thus  trace  the  connection  from 
the  rough  mechanical  action  through  the  hidden  actions  of 
light  and  magnetism,  just  as  in  §§  982-6  we  trace  the  analogies 
of  wave  motion  from  the  surface  of  a  pool  to  the  glories  of  the 
spectrum. 

1 148.  The  radiometer^  when  first  invented  by  Mr.  Crookes, 
was  supposed  to  move  by  the  impact  of  streams  of  radiant 
energy,  as  light ;  but  it  is  now  well  understood  that  the  motion 
is  due  to  a  more  material  impact,  to  the  succession  of  blows 
given  by  molecules  of  the  residuary  air  in  contact  either  with 
the  walls  of  the  globe,  or  condensed  upon  the  moving  vanes 
and  acting  by  **  recoil,"  these  molecules  absorbing  the  energy  of 
the  radiant  force.  This  same  action  is  that  which  is  operative 
in  radiophony  proper.  The  vanes  rotate  on  their  axis  because 
their  two  sides  have  di£ferent  absorptive  powers,  and  therefore 
there  is  alwa}  s  a  tendency  in  the  most  active  side  to  retreat 
from  the  line  of  light,  just  as  a  horizontal  windmill  rotates  in 
a  stream  of  air  be<^use  the  vanes  on  one  side  present  a  flat  sur- 
face to  the  wind,  while  those  on  the  other  side  lie  edgewise  to  it. 

1 149.  One  of  the  most  remarkable  experiments  of  Mr.  Crookes 
is  that  of  a  radiometer  with  vanes  coated  on  one  side  with 
selenium,  and  on  the  other  with  chromic  acid.  He  found  that 
light  from  a  sperm  candle,  giving  white  light,  repels  the 
selenium,  while  that  of  a  wax  candle,  with  yellower  light, 
repelled  the  chrome,  indicating  the  relative  absorptive  powers 
of  the  different  substances  for  rays  of  different  refrangibility, 
resulting  in  mechanical  motion,  just  as  the  same  selective 
capacity  operates  in  photography  as  chemical  action. 

1 1 50.  If  a  radiometer  disc  were  mounted  on  an  elastic  support, 
and  pla,oed  at  right  angles  to  an  intermittent  beam,  it  would 
doubtlessly  vibrate  to  and  fro  in  unison  with  a  stretched  cord 
giving  a  note  corresponding  to  the  intermissions :  it  would  not 
produce  «(W9m2,  because  sound  cannot  traverse  a  vacuum,  unless  the 
varying  tensions  on  the  glass  might  result  in  sound,  but  a  beam 
of  reflected  light  would  i£ow  the  motion.  Something  analogous 
to  this  occurs  in  direct  radiophony,  §  1 160,  but  both  for  order  of 
discovery  and  for  convenience  of  explanation  it  is  better  first  to 
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examine  the  indirect  action  through  the  aid  of  electricity  bj 
means  of  selenium. 

1 15 1 .  Selenium. — This  substance,  which  is  chemically  of  doee 
kindred  to  sulphur,  manifests  in  a  most  striking  degree  the 
instant  variation  of  the  properties  of  matter  under  changes 
of  external  forces.  Like  sulphur,  it  passes  into  several  different 
states,  according  to  the  conditions  of  fusion :  it  may  be  amorphous 
or  vitreous,  when  it  is  non-conducting,  and  insoluble  in  bisiil- 
phide  of  carbon,  or  when  very  slowly  cooled  after  fusion,  it 
becomes  crystalline  and  conductive,  and  also  soluble ;  changes 
resembling  those  of  phosphorus. 

Willoughby  Smith,  while  endeavouring  to  use  the  noaterial 
for  large  resistance  measures  in  1873,  discovered  that  thifi  resist- 
ance was  in  some  cases  very  variable,  and  traced  the  variation  to 
the  action  of  light ;  he  used  a  bar  of  selenium  witk  platinum 
wires  melted  into  its  ends,  and  found  the  resistance  of  1400  meg- 
ohms when  the  room  was  dark,  reduced  to  1000  when  the  gas 
was  lighted. 

1 1 52.  It  has  now  been  ascertained  that  the  rate  of  Tariatioo 
of  resistance  under  light  is  as  the  square  root  of  the  intensity  of 
the  light,  so  that  it  was  proposed  to  use  selenium  in  photometry: 
but  unfortunately  the  property  is  not  constant,  but  varies  spoil' 
taneously  as  does  the  actual  resistance.  Prof.  W.  6.  Adams  has 
found  a  variation  from  i,52  5,ocx>  to  ^950  in  12  months,  and  ic 
another  piece  from  7,600,000  to  745,  without  any  use  having  been 
made  of  them  in  the  interval. 

1 1 5  3.  There  have  been  debates  as  to  whether  the  action  is  due 
to  light  or  to  heat,  really  a  discussion  without  meaning  ;  but  h 
would  appear  that  the  power  is  exerted  by  particular  rays  of  the 
spectrum,  as  indeed  is  almost  universally  the  case  with  radiant 
energy.  The  most  active  rays  are  those  found  on  the  greeii  side 
of  the  yellow  rays ;  but  some  experimenters  have  also  found  an 
active  region  in  the  ultra  red  or  dark  rays,  and  when  a  ray  of 
sunlight  is  intercepted  by  a  sheet  of  ebonite,  an  invisible  beam 
passes  which  may  be  condensed  upon  the  selenium  cell ;  if  s 
perforated  wheel  now  renders  the  beam  intermittent^  the 
apparatus  gives  out  the  musical  note  in  the  telephone. 

But  temperature,  as  distinct  from  radiant  energy,  acts  dif- 
feiently  and  apparently  not  alike  in  all  samples.  Some  find 
resistance  increase  with  heat  and  some  find  it  decrease,  and 
there  is  reason  to  believe  that  each  sample  has  a  **  critical 
point"  at  which  a  reversal  occurs,  just  as  in  thermo-electriv 
actions. 

II 5 4.  There  appear  to  be  several  distinct  actions :  (i)  light 
produces  a  gradual  reduction  of  resistance,  which  gradnalij  falls 
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on  withdrawal  of  light ;  (2)  there  is  an  instant  decrease  and  as 
instant  a  recovery,  these  being  the  actions  utilized. 

There  are  different  opinions  as  to  the  cause  of  these  changes. 

(i)  Dr.  Moser  claims  that  there  is  not  a  true  nnion  between 
the  metal  and  selenium  or  selenide,  but  only  a  microphonic 
contact  modified  by  expansion  and  contraction. 

(2)  Siemens  considers  that  besides  the  two  allotropic  forms, 
§  1 15 1,  amorphous  and  crystalline,  that  there  is  a  thirds  metallic. 
He  found  that  at  80**  C.  one  change  occurs  accompanied  with  a 
loss  of  latent  heat  or  energy,  and  another  at  200®  C.  attended 
with  a  further  loss,  but  that  only  a  small  part  of  the  mass  can 
undergo  this  change,  which  is  also  very  unstable.  He  attributes 
the  action  to  this  last  change  occurring  among  the  superficial 
molecules  under  the  action  of  light. 

(3)  Prof.  Adams  and  others  find  that  there  is  an  internal 
E  M  F  set  up  in  the  selenium,  acting  with  the  current,  and  that 
the  change  of  resistance  is  only  an  apparent  result  of  this ;  see 
end  of  §  454. 

1 155.  aelenium  ceUs,  as  the  receiving  apparatus  are  called,  are 
made  in  different  forms,  the  object  being  to  obtain  as  low  a 
resistance  as  possible,  with  a  small  surface  to  receive  the  light. 
Various  metals  may  be  used  as  electrodes,  but  silver  will  not 
suit,  because  it  is  strongly  acted  on  by  selenium,  nor  will 
aluminium,  because  the  two  will  not  unite  at  all ;  platinum  is 
unsatisfactory  for  the  same  reason  in  a  lower  degree,  and  either 
copper  or  brass  is  most  suitable. 

(i)  Mercadier's  cell  is  the  simplest;  it  consists  of  two  strips 
of  thin  metal,  such  as  tinsel  foil,  fitted  with  conducting  wires, 
separated  by  somewhat  narrower  strips  of  dry  paper,  tightly 
wound  up  as  a  spiral  to  the  desired  size  ;  the  face  is  then  filed 
flat,  taking  care  no  circuit  is  formed,  and  placed  upon  a  metal 
plate  heated  by  a  gas  flame  just  enough  to  melt  tne  end  of  a 
selenium  stick  and  run  it  into  the  spiral  groove :  it  should  cool 
slowly  and  show  a  granular  surface  of  ja  slate  colour. 

For  spectrum  experiments  the  foils  must  be  wound  into  a 
narrow  flat  band. 

(2)  Prof.  Bell  used  alternate  discs  of  brass  and  mica  treated 
in  a  similar  manner,  so  as  to  form  a  cylindrical  cell  which 
-would  be  acted  upon  all  round  when  placed  lengthwise  in  the 
focus  of  a  parabolic  reflector. 

(3)  Annealing, — This  was  at  first  effected  by  prolonged  heating 
at  214^  C,  or  the  point  at  which  the  particular  sample  has 
the  most  conductivity  (the  fuzing  point  is  217°  C),  and  then 
allowing  to  cool  very  gradually  for  many  hours,  some  passing 
current  all  the  time;  careful  warming  is  now  found  to  fc^ 
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sufficient,  taking  care  to  avoid  ezoessive  heat,  and  watching 
the  changes  which  occfar  till  the  appearance  described  (i)  is 
presented. 

1 1 56.  Photophony. — ^Willonghby  Smith,  besides  disooTering 
the  action  of  light  on  selenium,  was  the  first  to  "  hear  a  ray  ^ 
sunlight  fall  upon  a  bar  included  in  the  circuit  of  a  telephone." 
Others  also  had  conceived  the  same  idea,  and  were  working  at  it, 
but  Prof.  Bell  in  conjunction  with  Mr.  Tainter  was  the  first  to 
perfect  an  apparatus  to  transmit  speech  by  a  ray  of  light, 
and  to  realize  what  he  called  **  the  extraordinary  sensation  of 
hearing  a  beam  of  sunlight  laugh,  cough,  and  sing,  and  talk 
with  articulate  words." 

This  is  e£fected  by  producing  undulations  in  the  light 
intensity,  corresponding  to  the  air  waves  of  sound,  and  by  the 
use  of  selenium  receivers  of  low  resistance,  such  as  300  ohms 
when  dark,  reduced  to  1 50  in  the  light. 

1 157.  There  are  various  modes  possible  for  producing  a  ray  of 
varying  intensity,  and  as  a  matter  of  curious  scientific  interest^ 
we  may  note  the  suggestion  of  passing  the  light  first  through  a 
Nicol's  prism,  and  then  sending  one  of  ^e  polarized  rays 
through  a  glass  tube  containing  bisulphide  of  carbon  or  other 
rotatory  liquid.  The  wire  from  a  telephone  being  wound  in  a 
helix  round  the  tube,  the  varying  current  caused  by  speech  in 
the  telephone  would  vary  the  rotation  of  the  liquid,  and  there- 
fore also  the  quantity  of  light  passing.  In  this  way  a  solution 
of  sugar  might  be  made  to  report  upon  its  own  saccharine  value 
by  the  strength  of  a  note  passed  into  the  sonometer. 

1 158.  The  simplest  tranamitier  consists  of  a  plane  mirror  of 
flexible  material,  microscope  glass  answering  perfectly:  this 
forms  the  front  of  a  chamber  fitted  with  a  speaking  tube,  in  ftct 
resembling  a  telephone  disc  with  its  lower  face  made  into  a 
reflector,  which  would  send  a  reflected  beam  of  light  through 
the  space  of  the  magnet.  A  strong  beam  of  light  is  concentrated 
upon  the  middle  of  the  mirror,  and  after  reflection  is  received 
upon  a  condenser  and  rendered  parallel,  so  as  to  be  transmitted 
to  a  distant  parabolic  reflector  which  concentrates  the  rays  upon 
the  face  of  the  selenium  receiver.  The  whole  ray  passes  thus 
when  the  mirror  is  quiescent,  but  the  impact  upon  it  of  sound- 
waves distorts  the  mirror  surface,  and  rendering  it  more  or  less 
convex,  proportionally  scatters  the  reflected  rays  beyond  the 
edge  of  the  condensing  lens,  and  therefore  varies  the  strength 
of  the  luminous  beam  transmitted  to  the  receiver. 

1 1 59.  Musical  sounds  can  be  more  perfectly  transmitted  than 
speech,  and  any  desired  note  can  be  produced  by  the  perforated 
disc,  §  1 147.    buch  notes  can  also  be  converted  into  signals  on 
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the  principle  of  the  Morse  alphabet,  by  means  of  a  key,  which 
interposes  an  opaque  screen  in  front  of  the  opening  in  the  disc 
80  as  to  produce  periods  of  sound  and  silence  to  represent  the . 
dot  and  dash  signals.  Where,  as  in  war,  a  beam  of  light  might 
be  a  source  of  danger,  a  dark  ray  may  be  serviceable,  §  1 163. 

1 1 60.  Direct  Photophones. — Prof.  Bell  observed  in  his  experi- 
ments, that  the  intermittent  beam  gave  out  sounds  when  simply 
falling  upon  a  disc  of  resonant  material,  without  the  aid  of 
the  telephone.  Further  experiment  in  conjunction  with  Prof. 
Tyndall  showed  that  nearly  every  substance  tried  in  a  thin 
diaphragm  gave  out  sounds ;  attributing  this  to  sudden  expan- 
sions and  contractions  due  to  the  absorption  of  heat,  they  tried 
vapours  contained  in  a  test  tube  fitted  with  a  hearing  tube :  it 
was  found  that  the  vapour  of  sulphuric  ether,  which  is  power- 
fully absorbent,  gave  out  notes,  while  bisulphide  of  carbon, 
which  is  diathermanous,  was  silent.  We  have  here  in  fact 
soand  produced  by  molecular  vibrations,  just  as  in  the  case  of 
the  telephone^  §  11 12. 

1 161.  But  it  is  very  doubtful  whether  the  sounds,  or  the 
molecular  expansions  resulting  in  sound,  are  due  to  the  «uf/acea 
on  which  the  radiant  energy  is  received.  It  is  found  that  a 
tube  containing  loosely  packed  spongy  materials,  which  have 
no  resonant  properties,  gives  out  tiie  best  sound,  and  also  that  a 
sor&oe  which  when  quite  clean  has  little  power,  becomes 
sonorous  when  smoked,  i.  e.  coated  with  lampblack,  which  is  a 
well-known  powerful  absorbent  of  radiant  energy.  It  appears 
therefore  that  the  true  cause  of  the  sound  is  simUar  to  that  of 
the  motion  of  the  radiometer ;  that  it  is  the  energy  taken  up 
by  molecules  of  air  in  contact  with  the  receiving  surfaces.  As 
in  §  10 1 3,  the  energy  traverses  air  itself  without  heating  it,  but 
the  absorbent  surfaces  at  once  transfer  the  heat  to  the  air  in 
contact  with  them,  and  this  air  instantly  has  an  impulse  to 
motion  which  generates  a  sound  wave. 

1 162.  Mr.  W.  H.  Preece  suggested  this  explanation,  and 
demonstrated  it  by  using  a  case  or  tube  containing  a  spiral  of 
fine  wire  through  which  an  intermittent  current  was  passed : 
this,  generating  heat  impulses,  gave  out  a  sound  from  the  tube 
similar  to  those  produced  by  the  external  ray.  Perhaps  even  a 
more  striking  evidence  is  given  by  the  action  of  a  flask  which 
filled  with  dry  air  gives  no  sound  as  a  receiver,  but  does  if  filled 
with  ammonia  vapour,  which  absorbs  energy :  a  difierenoe  which 
applies  to  the  whole  range  of  gases  and  vapours,  which  Tyndall, 
in  his  '  Heat  as  a  Mode  of  Motion,'  has  shown  to  be  divisible 
into  absorbers  and  transmitters  of  energy  according  to  the  com- 
plexity of  their  molecular  constitution,  the  more  complex  being 
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"  reduced  "  to  simpler  forms  by  the  act  of  receiving  energy,  the 
fundamental  law  of  chemical  actions,  and  of  the  functions  of 
vegetable  life. 

1 163.  The  di£ferent  capacity  of  different  snbstanoes  for 
absorbing  radiant  energy  as  light  and  heat  is  mentioned  §  lood, 
and  the  &ct  that  the  same  substance  has  very  different  relations 
to  rays  of  different  refrangibLLity,  §§  984  and  997.  This  is 
strikingly  illustrated  by  glass,  which  freely  transmits  light 
r»yB»  y©t  intercepts  the  long-wave  heat  rays. 

jE^^»(€  has  just  reverse  properties :  it  is  quite  opaque  to  light, 
but  in  thin  sheets  a  strong  light  may  be  seen  through  it,  as  a 
dull  red  colour ;  that  is,  it  transmits  the  lowest  of  the  red  rays, 
and  permits  the  ultra  red  rays  to  pass  freely.  If  a  sheet  of 
ebonite  be  held  in  the  path  of  the  rays  acting  on  a  selenium 
receiver  it  prevents  the  production  of  sound,  because  the  chief 
action  on  selenium  is  due  to  the  yellow  rays  which  ebonite 
refuses  to  transmit :  but  if  the  receiver  is  an  ebonite  disc  or  any 
material  acting  by  heat,  §  11 60,  the  interposed  ebonite  produces 
little  diminution  in  the  sound.  The  effect  is  that  an  invisibk 
beam  of  radiant  energy  falls  upon  the  receiver,  which  may  then 
be  called  a  ihermo-phone, 

1 164.  The  Inducto-phonk. — When  two  spirals  of  wire  are 
placed  parallel  to  each  other,  but  unconnected,  any  current  in 
one  induces  a  current  in  the  other,  this  being  the  basis  of 
induction  coil  action.  The  quantitative  effects  vary  as  ths 
square  of  the  distance  of  two  parallel  coils,  and  the  action  is 
greatly  influenced  by  those  conditions  which  cause  "  retarda- 
tion "  and  the  number  of  breaks  of  circuit  per  second.  Willoughby 
Smith  has  applied  this  action,  and  examined  its  details  in  a  paper 
read  to  the  Society  of  Telegraph  Engineers,  8th  Nov.  1883,  ^ 
which  is  traced  out  the  influence  of  diaphragms  of  materials 
interposed  between  the  two  spirals.  The  effect  of  such  screens  is 
cleaily  due  to  energy  absorbed  and  given  out  at  each  change  of 
condition,  and  therefore  varies  with  the  capacity  of  the  substance, 
and  with  the  rate  of  the  changes.  The  disc  of  a  telephone  acts  as 
such  a  screen  and  actuates  the  telephone,  and  even  gives  out 
sounds  by  itself  when  placed  in  the  lines  of  force.  A  small  spiral 
traversing  the  face  of  a  laige  one  measures  the  lines  of  Ibroe 
proceeding  from  the  different  parts.  Mr.  Smith  suggests  that 
communications  might  be  made  in  this  way  between  signalmen 
and  a  moving  engine  by  means  of  spirals  on  the  line,  into  which 
intermittent  current  could  be  sent,  which  would  act  on  a  spiral 
fixed  on  the  engine.  No  doubt  also  some  of  the  various  systems 
which  have  been  described  will  yet  enable  communications  to 
be  made  from  the  land  to  ships  at  sea. 
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1 165.  Telb-photographt.  —  Tliis  apparatus  for  producing 
pictures  or  writing  at  a  distance  is  an  application  of  the 
properties  of  selenium,  in  combination  with  the  chemical  tele- 
graph. In  this,  as  described  §  1079,  a  coloured  mark  is  made 
at  a  distance  when  current  is  transmitted,  and  a  facsimile  of 
the  original  may  be  produced  in  the  form  of  a  series  of  dots 
and  lines.  A  continuous  current  of  greatly  varied  intensity 
would  result  in  similar  variations  in  the  intensity  of  the  lines 
produced ;  and  such  a  variable  current  is  producible  by  changes 
in  the  resistance,  which  changes  are  producible  by  light  acting 
on  selenium. 

Mr.  Shelford  Bidwell  made  an  apparatus  for  this  purpose. 
The  transmitter  is  a  dark  box,  containing  at  one  end  a  selenium 
cell  forming  part  of  the  line  circuit,  and  facing  a  small  hole 
at  the  other  end ;  the  box  is  mounted  on  an  axis,  so  as  to  move 
up  and  down,  each  upward  motion  corresponding  to  one  rota- 
tion of  the  receiving  cylinder,  and  so  to  one  line  on  the  drawing 
produced.  The  box  also  moves  sideways  at  each  stroke,  to 
correspond  to  the  distance  of  the  lines  apart.  The  face  of  the 
box  corresponds  to  the  screen  of  a  magic  lantern,  and  the 
picture  to  be  transmitted  is  thrown  upon  it  continuously,  so 
that  the  pin-hole  is,  so  to  speak,  an  eye  by  which  the  selenium 
cells  looks  the  picture  over,  and  receives  the  influence  of  each 
part  successively,  a^  it  traverses  over  the  space  filled  by  the 
picture.  When  a  dark  line  is  thrown  on  the  hole,  the  resistance 
iucreases,  while  a  white  portion  reduces  it. 

The  transmitter  is  really  a  differential  instrument :  it  receives 
the  line  current  at  one  terminal,  and  that  of  an  opposed  local 
battery  at  the  other,  the  line  being  also  connected  to  the  other 
pole  of  the  battery,  and  resistances  so  arranged  that  the  local 
battery  acts  and  makes  a  mark  whenever  a  dark  line  is  to  be 
produced,  and  thus  the  traversing  style  produces  either  no 
action  at  all,  or  coloured  lines  varying  in  depth  of  tone  in 
correspondence  with  the  amount  of  light  falling  upon  the 
selenium  cell  from  the  distant  transmitting  illuminated  picture. 

1 166.  Hughes'  Induction  Balance. — This  instrument  is  based 
upon  the  principles  involved  in  the  experiment  described,  §  456. 

(a)  It  consists  of  two  straight-sided  cups  or  cylinders  of 
wooa,  or  other  non-metallic  substance,  mounted  on  a  board  at 
least  3  feet  apart,  and  equally  removed  fiom  any  metallic 
masses.  Each  cylinder  constitutes  an  induction  coil,  having 
two  separate  coils  of  wire  (say,  each  100  yards  of  No.  32)  placed 
parallel  to  each  other  on  the  cylinder.  Two  corresponding 
coils,  connected  in  series,  constitute  the  "  primary  "  or  inducing 
system,  in  which  u  introduced  a  battery  and  any  convenient 

Digitized  by  VjOOQIC 


616  MI80SLLAK10U8.  [ll^7- 

automatic  oontact  break,  such  as  a  clock,  fitted  for  the  purpose, 
the  souDcl  of  which  ought  not  to  be  heard,  so  that  it  is  best  in 
another  room.  The  other  coils  are  arranged  with  reverse  action 
to  neutralize  each  other,  and  a  telephone  is  inserted  in  their 
circuit  which  will  reproduce  the  tick  of  the  break  if  there  is 
the  least  inequality  of  induction  in  the  two  pairs  of  ooila.  A 
suitable  galvanometer  might  be  used  to  give  visible  instead  of 
audible  evidence,  and  would  meamure  the  action ;  bat  tbe 
telephone  is  the  most  sensitive. 

(6)  Ex€ust  adfwtmeni  is  efifected  by  making  one  of  the  ooils 
movable,  and  fixing  it  at  such  a  point  as  is  found  to  give  no 
sound  in  the  normal  condition,  for  which  purpose  the  coils  may 
be  made  on  light  reels,  sliding  on  the  cylinders,  or  the  cylinders 
themselves  may  have  a  screw  joint  in  their  middles,  by  which 
adjustment  can  be  effected. 

(c)  Now,  if  any  substance  whatever  be  inserted  in  one 
cylinder,  if  it  has  either  inductive  or  magnetic  capacity,  it  will 
disturb  the  equality,  and  sound  will  be  heard  in  the  telephone, 
varying  in  intensity  with  the  capacity  of  the  substance.  If 
two  masses  of  the  same  substance  be  placed  in  the  two  cups, 
any  difference  in  weight  or  form  will  manifest  ifselL 

(d)  It  is  evident  that  if  the  principle  of  adjustment  be  carried 
further,  a  scale  of  induction  could  be  prepared  giving  the 
quantitative  relations. 

(e)  In  the  course  of  time  important  uses  will  be  found  for 
this  instrument.  Thus,  it  will  at  once  test  spurious  coin,  for  if 
a  good  coin  be  placed  in  one  cup  and  a  suspected  one  in  the 
other,  the  telephone  will  at  once  speak  for  its  character.  The 
chief  difficulty  is  the  great  delicacy  of  the  instrument,  aa  a 
difference  in  weight  will  cause  it  to  complain. 

(/)  It  was  employed  to  endeavour  to  discover  the  locali^  of 
the  bullet  in  the  case  of  President  Garfield ;  but  it  was  deceived 
by  the  presence  of  metallic  springs  in  the  bed.  Undoubtedly 
such  applications  will  yet  be  made.  A  splinter  of  metal  in  a 
finger  has  been  discovered. 

1 167.  HuoHBS*  Sonometer. — ^This  is  a  special  form  of  the 
balance  adapted  for  examining  either  the  loudness  of  sounds  or 
the  capacity  of  any  ear  for  distinguishing  sounds.  It  consists 
of  a  graduated  rod  mounted  on  a  frame.  At  one  end  of  the  rod 
is  fixed  a  coil  A,  such  as  just  described  for  the  balance ;  at  the 
other  end,  projecting  beyond  the  support,  is  a  smaller  coil  B, 
containing  i  yard  of  the  wire.  The  two  coils  are  connected  in 
such  a  way  as  to  have  opposite,  but  of  course  unequal,  effects 
upon  a  coil  C,  similar  to  A,  and  sliding  upon  the  bar.  Of  course 
relative  nearness  will  compensate  for  difference  of  power  in  the 
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two  coils,  and  tHe  length  of  the  bar  (nsually  200  tnillimetreB) 
shonld  be  such  that,  when  the  moving  ooil  C  is  placed  close  to 
the  small  coil  6,  the  most  sensitive  ear  shall  discover  no  sound 
in  a  telephone  included  in  the  circuit  of  C,  due  to  the  breaks 
made  in  the  circuit  of  the  two  fixed  coils  by  a  clock  or  other 
break,  in  the  same  way  as  described  for  the  l^klance. 

A  scale  of  audition  can  thus  be  obtained,  as  an  absolutely  deaf 
person  will  hear  nothing,  even  when  C  is  fully  influenced  by  A 
by  being  brought  close  to  it,  and  others  will  begin  to  hear 
the  ticking  at  different  distances.  The  scale  will  also  give  a 
range  of  sensitiveness,  as  a  certain  distance  will  be  found 
between  the  points  at  which  a  sound  is  lost,  and  that  at  which 
it  is  again  perceived. 

1 1 68.  Edison's  Microtasimeteb. — This  measures  the  minutest 
changes  of  pressure,  and  therefore  of  heat,  of  moisture,  and  many 
other  agencies.  It  is  in  fact  the  transmitter,  §  1 1 19,  in  which  the 
vibrating  disc  is  replaced  by  a  rod  of  a  substance  to  be  examined. 
It  consists  of  a  solid  iron  bed  with  two  brackets  cast  with,  or 
fitted  rigidly  to  it.  To  one  is  attached  an  ebonite  disc  with  a 
central  chamber ;  through  the  middle  of  this  passes  a  flat-headed 
screw  faced  with  a  platinum  disc  which  receives  current  from 
a  binding  screw  on  the  bracket ;  on  the  disc  lies  the  carbon 
button  with  another  platinum  electrode  as  in  the  transmitter, 
connected  to  the  battery.  On  this  lies  a  cup  to  receive  the  end 
of  a  rod  of  material  to  be  tested,  the  other  end  being  supported 
by  a  similar  cup  fitted  on  a  slide  in  the  other  bracket,  the 
position  of  which  can  be  adjusted  by  a  screw.  Of  course,  the 
arrangement  might  be  vertical  instead  of  horizontal.  A  suitable 
galvanometer  is  in  the  circuit,  and  the  initial  pressure  is  so 
adjusted  that  only  a  small  deflection  is  produced. 

A  strip  of  ebonite  placed  between  the  cups  shows  extreme 
sensitiveness  to  heat  changes  which  are  not  manifested  by  the 
thermo-pile :  a  hand  held  some  inches  away  will  give  a  deflec- 
tion. A  strip  of  gelatine  produces  the  same  effect  by  absorbing 
moisture  from  damp  paper  3  inches  distant. 

For  extremely  delicate  observations  the  instrument  is  placed 
in  one  arm  of  a  Wheatstone  bridge  and  balanced  by  a  resistance. 
It  would  appear  that  the  differential  principle  would  be  most 
perfect ;  two  tasimeters  balancing  each  other  so  as  to  neutralize 
surrounding  actions,  while  the  influence  to  be  tested  was  con- 
centrated upon  one.  However,  the  great  difficulty  of  the  instru- 
ment is  its  extreme  sensitiveness.  It  ought  to  be  placed  upon 
an  absolutely  rigid  support,  free  from  all  vibration. 

1 169.  A  New  Source  of  ELBcrRiciTY. — Mr.  J,  A.  Kendall  has 
observed  that  when  hydrogen  is  passed  into  a  tube  of  metal 
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separated  from  anotber  by  vitreous  subRtances  heated  nearly  to 
the  point  of  fnsion,  an  E  M  F  is  generated,  and  if  the  tubes  are 
connected  together  a  current  passes.  It  is  known  that  platinam 
and  other  metals,  when  at  a  red  heat,  permit  the  passage  of 
certain  gases.  The  phenomena  described  in  papers  read  to 
the  Royal  Society,  September  30,  and  December  28,  1885, 
depend  upon  this  property  brought  into  action  by  the  dif- 
ferential atmosphere  on  the  exterior  and  upon  the  chemical 
union  of  the  hydrogen  in  combustion.  The  gas  would  transfuse 
into  any  different  atmosphere,  but  the  electric  action  only  occurs 
when  this  is  an  oxidizing  one.  The  quantity  of  the  electricity 
depends  upon  the  area  of  the  metal,  as  also  upon  its  thickness, 
evident  functions  of  resistance,  but  it  is  also  related  to  the  con- 
sumption of  hydrogen,  as  in  the  batteiy  it  is  to  the  oonsomption 
of  zinc,  which  indicates  a  molecular  action. 

Becquerel  and  others  made  a  "  pyro-electrio  *'  battery  of  iron 
and  copper  in  crucibles  of  melted  glass,  and  in  other  ways 
worked  closely  on  the  lines  of  Mr.  EendalFs  discovery,  but 
they  did  not  recognize  that  the  action  had  anything  to  do  with 
the  transfusion  and  combustion  of  gases,  but  attributed  it 
purely  to  a  chemical  action  on  an  oxidizable  metal,  as  in  other 
batteries. 

Mr.  Kendall  has  also  found  that  while  vitreous  substano^ 
thus  enclosed  between  two  electrodes  are  incapable  of  conduct- 
ing electricity  under  a  low  E  M  F  (though  glass  conducts  under 
high  E  M  F  when  heated,  §  97  (c),  and  its  conductivity  rises  witih 
temperature),  yet  they  become  conductors  when  hydrogen  is 
present  on  one  side,  and  an  oxidizing  atmosphere  or  a  vacuum 
on  the  other.  In  this  latter  case  the  hydrogen  passes  through 
and  a  galvanometer  in  circuit  shows  the  passage  of  current,  not 
indicated  at  the  same  temperature  when  both  sides  are  exposed 
to  the  same  atmospheres. 

1 170.  The  WiMSHURsr  Machine. — This  is  a  modification  of  the 
Voss,  §  52,  which  has  been  introduced  since  Chapter  11.  was 
printed,  and  is  of  so  much  interest  as  to  require  description. 
Fig.  124  will  explain  its  construction  with  the  latest  additions, 
and  also  show  its  relation  to  the  Voss  machine  and  others.  If 
only  one  plate  rotated,  the  sectors  would  simply  replace  the 
discs  of  the  Voss;  the  distinction  lies  in  the  opposite  rotation  of 
the  two  plates,  which  makes  each  act  as  inductor  and  induced 
surface,  while  both  send  electricity  to  the  outer  circuit,  for  which 
purpose  tbe  collecting  combs  surroimd  both  plates,  as  in  the 
1  notion  machine.  This  is  the  reason  that  the  machine  does  not 
reverse  itself  as  the  Voss  does,  and  is  less  affected  by  moisture, 
both  important  advantages.      The  plates  are  mounted   upon 
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wooden  or  ebonite  bosses,  as  described  p.  43,  but  the  axis  is  a  plain 
rod  instead  of  conical,  and  passes  from  one  standard  to  the  other, 
projecting  so  as  to  carry  the  contact  arms  on  each  end,  which 
are  placed  at  right  angles  to  each  other. 


Fio.  124. 


The  number  of  sectors  varies  with  the  size  of  the  plate  and 
the  effect  desired  ;  with  many  narrow  ones  the  machine  charges 
with  greater  ease,  but  long  sparks  require  a  smaller  number  at 
greater  distances,  12  to  16  being  the  most  useful.  They  may 
be  made  of  tin  foil,  biit  are  better  of  thin  soft  brass  with  all 
comers  rounded  and  the  edges  smooth,  and  with  buttons 
soldered  on  to  make  contact  with  the  brushes.  They  must  be 
very  exactly  placed  so  as  to  make  the  proper  circuits;  the 
simplest  plan  is  to  draw  the  positions  on  a  sheet  of  paper  with 
mathematical  exactness,  then  lay  the  glass  on  this  and  place  the 
sectors  by  the  marking,  which  is  alike  for  both  plates ;  they  can 
be  attached  by  coaguline,  or  better  by  shellac  cement,  both  plate 
and  metal  being  warmed  to  the  proper  point  and  coated.  The 
best  plan  is  to  arrange  a  smooth  plate  of  iron,  or  a  sand  bath,  at 
such  a  distance  over  a  gas  fame  or  a  stove  as  shall  heat  it  to 
the  proper  degree,  placing  the  glass  on  this  so  that  it  shall  be 
equally  warmed  all  over.  When  the  sectors  are  fixed,  the  plat^ 
should  be  varnished  with  thin  shellac  varnish,  which  may  cover 
the  sectors,  but  not  the  contact  buttons ;  when  the  sector  side  is 
dry,  the  warm  plate  can  be  lifted  and  at  once  vami^ied  on  the 
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inner  side.  They  should  be  fixed  on  their  bosses  with  a  cement, 
and  adjusted  as  close  together  as  possible,  and  it  is  well  to  hollow 
the  ends  of  the  bosses  so  as  to  allow  the  interposition  of  a 
washer  or  two  to  diminish  friction. 

1 171.  Thermo-Elbctricity. — ^The  direct  conversion  of  heat 
without  the  intermediary  steam  boiler,  engine,  and  dynamo,  is 
a  tempting  field  for  work,  but  so  far,  all  known  means  are  more 
expensive  than  the  seemingly  roundabout  process,  because  the 
efficiency  of  conversion  of  energy  is  extremely  low.  Only 
about  2  per  cent,  of  the  heat  is  converted  into  electric  energy. 
It  would  seem  possible,  however,  to  utilize  much  waste  heat 
in  this  manner,  by  surrounding  flues  with  thermo-electric 
elements;  or  the  reverse  process  has  been  proposed,  to  make 
stoves  the  casing  of  which  generates  electricity,  while  radiatois 
diffase  the  unconverted  heat  for  purposes  of  warmth. 

1 1 7  2.  Heat  is  a  vibratory  molecular  motion,  diffusing  energy 
in  all  directions  in  equally  conductive  matter ;  electricity  is  a 
rotatory  molecular  motion,  transmitting  energy  in  a  linear  path. 
Most  substances  have  a  similar  conductive  ratio  for  both,  bat 
for  heat  the  conduction  is  slow,  while  for  electricity  it  is 
instantaneous.  The  relation  between  the  two  appears  to  be, 
that  electricity  in  its  transmission  always  generates  heat^  and 
that  heat  in  its  transmission  sets  up  an  E  M  F  wherever  it 
crosses  a  junction  of  two  dissimilar  molecular  conditions,  the 
direction  and  the  degree  of  this  EME  depending  on  the 
specific  properties  and  conditions  of  the  substances.  It  seems 
probable  that  the  real  cause  is  a  difference  of  atomic  heat 
and  conductivity;  that  the  substance  which  has  the  higher 
capacity  or  conductivity  for  heat  tends  to  convert  energy  into 
the  electric  form,  as  in  §  537.  Space  will  only  allow  a  slight 
outline  of  the  leading  principles  of  this  subject. 

1 173.  The  +,  or  positive  metal  or  substance,  is  that  whenoa 
a  current  passes  across  the  heated  junction  within  the  system. 
This  corresponds  to  the  zinc  in  a  battery.  The  E  M  F  depends 
(i)  on  the  specific  substances,  (2)  on  the  difference  of  tempera- 
ture at  the  two  junctions,  taking  as  a  type  the  simple  unit 
element  of  two  wires,  say  iron  and  German  silver  soldered 
together  at  both  ends,  and  the  heat  applied  at  one  junction: 
intermediate  junctions  do  not  affect  the  result,  because  they 
neutralize  each  other.  Thus,  either  the  iron  or  the  German 
silver  wire  may  be  out  and  joined  to  a  copper  wire  forming  a 
galvanometer  circuit,  without  affecting  the  £  M  F. 

1 1 74.  The  absolute  mean  temperature  of  the  two  junctions 
varies  the  E  M  F  for  a  given  difference  of  temperature,  and 
even  its  direction;   thus,  near  300^  C.  copper  and  iron  are 
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neutral,  but  below  that  oopper  is  -|-  to  iron,  and  above  it  iron 
is  -f-  to  copper.  This  change  appears  to  occur  at  a  ''  critical 
point,"  at  which  softening  or  some  molecular  rearrangement 
occurs. 

1 1 75.  Any  molectdar  change  will  set  up  the  action.  Thus,  it 
will  occur  in  a  single  wire,  if  a  portion  is  filed  away  so  as  to 
make  a  great  difference  in  the  heat  capacity  of  the  metal  in  the 
two  directions ;  a  stress  upon  a  part  in  excess  of  the  elastic 
limit,  or  hardening  in  the  case  of  steel,  makes  the  two  parts  act 
like  different  metaJs.  Or  if  a  hot  wire  be  put  in  contact  with  a 
cold  one  of  the  same  metal,  it  is  found  to  be  positive,  because 
the  heat  suddenly  passes  over  to  the  cold  wire. 

1176.  The  following  figures  show  the  E  M  F  of  various 
metals  with  lead  near  the  ordinary  temperatures,  calculated  by 
Jenkin  from  Matthiessen's  experiments.  The  value  is  micro- 
volts per  degree  Cent. : — 


Bismuth  pressed  wire     ..  +97* 

„        crystal  axial    ..  65* 

„           „      equatorial  45* 

German  silver i'*75 

Lead          o* 

Ck>pper,  commercial  —  i  * 

Platinum          r.      ..      ..  *9 


SUver      

Zinc  pressed  wire  . . 
Aotimony,  pressed 
Iron,  piano  wire     .. 
Antimony  axial 

„  equatorial 

Selenium        ..     .. 


-3" 

r 

6- 

17-5 

22-6 

36*4 
807* 


Under  like  circumstances  Clark  obtained  from : 


Antimony  and  bismuth 
Olamond's  alloy  and  iron 


•0051 

•0103 


Copper  and  iron.  Volts    •  coo6 

Platinum    „  „       *ooii 

German  silver  and  iron     „      '0020 

Some  alloys  are  found  most  powerful,  especially  after  frequent 
meltings.  Marcus  uses  a  German  silver  as  -|-  nietal  composed 
of  10  copper,  6  zinc,  and  6  nickel,  and  for  —  metal  an  alloy  of 
12  antimony,  5  zinc,  and  5  bismuth,  and  other  alloys  are 
mentioned  later. 

Galena^  sulphide  of  lead,  and  pffrUes,  sulphide  of  copper,  have 
been  used  as  materials  for  piles,  as  also  other  non-metalHo 
conductors. 

1 177.  Thomson  effect. — If  a  wire  is  heated  at  one  spot,  the 
heat  will  extend  to  equal  distances  on  each  side :  if  current  is 
passed  this  equality  will  be  disturbed,  and  the  heat  will  extend 
further  on  one  side.  In  oopper  the  current,  as  it  were,  drives 
the  heat  before  it,  in  iron  it  draws  the  heat  towards  it. 
Some  speak  of  this  as  the  "  specific  heat  of  electricity,"  which 
they  say  is  -|-  ^^  copper  and  —  in  iron ;  but  this  is  a  phrase 
without  meaning.  The  action  itself  serves  to  measure  the 
thermo-electric  capacity  of  a  substance,  and  because  it  is  nil  in 
lead,  that  metal  serves  as  the  datum  of  comparison. 
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Peltier  effect — See  Dictionary  of  Terms. 

1178.  Thermo-electric  Pjles.— For  scientific  purposes  these 
are  usually  made  of  bismuth  and  antimony,  because  these  give 
the  highest  E  M  F ;  the  metals  are  cast  as  small  square  rods, 
-with  lugs  on  the  ends  for  connecting  together. 

Dr.  Gore  has  described  a  pile  made  of  German  silver  wire  •  7  mm. 
and  iron  wire  *  5  5  mm.  mounted  on  a  frame  so  that  the  ends  dip 
on  one  side  into  melted  parafSne,  and  on  the  other  into  non- 
volatile petroleum  or  thin  machinery-oil  contained  in  troughs. 
He  finds  with  295  pairs  and  a  difference  of  130^  C.  an  £  M  F  of 
1*005  ^^^^  ^^  '000062  per  pair  per  degree  C;  he  finds  this 
very  suitable  for  measuring  E  M  F. 

In  all  cases  the  edges  should  be  carefully  united  with  solder 
suited  to  the  temperature  to  be  used.  For  large  piles,  espedaUr 
when  high  temperatures  are  to  be  used,  a  plate  of  metaJ  should  it 
interposed  to  act  as  collector  of  the  heat  on  one  end,  and  as 
radiator  on  the  other;  copper  is  best,  as  a  good  conductor, 
where  the  heat  is  not  too  great ;  on  the  cooling  end  it  should  be 
painted  with  lampblack  and  size. 

1 1 79.  Clamond's  pile  excited  great  expectations  some  years  ago^ 
He  used  iron  for  +  element  in  the  form  of  sheet  tin  l>ent  into  1 
cup  with  an  inward  projection  or  dovetail.  The  —  element  waa  a 
bar  2-3"  long,  and  |  by  i"  in  width,  of  two  parts  antimony  and 
one  of  zinc ;  these  were  cast  in  a  mould  containing  a  sheet  iron 
cup  at  each  end,  with  projections  for  uniting  the  pairs  together. 
These  were  mounted  in  circles,  and  again  ranged  to  surtabk 
height,  the  whole  being  bound  together  and  insulated  witL 
powdered  asbestos  and  soluble  glass.  The  heat  was  applied  in 
the  tube  thus  formed,  with  a  protecting  cylinder  of  fire  clay, 
between  which  and  the  face  of  the  elements  the  heated  products 
were  drawn  downwards  by  a  flue. 

1 1 80.  Noe's  pile,  though  less  ambitious  than  Clamond's  L$ 
much  used  in  Germany  for  laboratory  purposes,  to  replace 
batteries  :  it  is  made  of  German  silver  and  zinc  antimony.  The 
end  of  the  —  bar  is  cast  into  a  cup  of  brass  or  German  silver,  into 
which  a  German  silver  wire  enters,  as  also  a  projecting  copper 
rod :  twenty  such  pairs  are  arranged  in  a  horizontal  circle  with 
these  rods  pointing  to  the  centre,  so  as  to  receive  the  heat  of  a 
Bunsen  burner,  which  they  carry  to  the  end  of  the  element. 
The  outer  end  of  the  bar  is  soldered  to  a  plate  of  copper  termi- 
nating in  a  cylinder  of  the  height  of  the  instrument,  up  which 
a  stream  of  air  is  drawn  to  cool  the  outer  junction.  The  —  bars 
are  about  i  inch  by  ^  in  dimensions,  about  '025  ohms  resistance, 
and  give  about  -0666  Volt  EMF.  . 

1 181.  Conservation  of  Electricity.-— This   is  an   idea   set 
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forth  about  the  same  time  by  Prof.  S.  Thompson  and  M.  Lipp- 
mann,  but  with  some  differences.  M.  Lippmann  embodies  well- 
known  facts  in  a  mathematicar  formula,  and  Prof.  Thompson 
says  the  doctrine  *'  teaches  that  we  can  neither  create  nor  destroy 
electricity,  though  we  may  alter  its  distribution."  The  doctrine 
appears  to  have  no  real  meaning  at  all,  and  is  only  intelligible 
if  we  consider  electricity  to  be  an  actual  entity  or  fluid ;  in 
that  case  it  is  of  course  indestructible,  like  matter  and  energy. 
All  the  facts  connected  to  the  doctrine  are  equally  consistent 
with  the  conception  of  electricity  as  a  molecular  action  of 
energy,  because  the  molecular  or  equivalent  constitution  of 
matter  is  itself  unchanged,  and  the  '*  quantirative  "  molecular 
action  which  is  known  as  "  electric  quantity  "  is  also  definite, 
and  must  therefore  remain  constant  through  all  the  changes  of 
electric  action. 


GouPLiNa  OF  Oblls  in  Batteries. 

In  series.  Parallel  or  muUiple  are. 

For  intensity.  For  quantity. 

High  resistance.        Circuits.  Low  resistance. 

1  ' '2 

Electsomotite  Forces. 

E.M.F.  of  1  +  2  +  3  are  as  Tbat  1  cell  in  A. 

of  1  -h  2  in  B. 
Resistances. 

Sum  of  those  of  the  sepa-      are  as      The  reciprocal  of  the  sum 
rate  cells.  of  the  reciprocals  of  those 

of  the  cells  in  ai*c. 

Using  different  hinds  of  cells. 

Various  kinds  may  be  used  to-  Cells  must  be  equal  in  E.M.F., 
gether,  but  all  should  hare  but  may  be  oi  different  re- 
equal  capacity  for  current.  sistances  or  capacities. 

Each  series  must  be  of  equal 
E.M.F. 

Capacities  of  cells. 

All  should  be  so  balanced  that  they  will  work  together,  and 
not  allow  some  to  he  exhausted  before  the  others. 
The  same  principles  apply  to  secondary  batteries. 
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CHAPTER  XV. 

DICTIONART  OF   TEB^US. 

This  chapter  is  intended  to  supply  concise  definitions  of  terms 
for  occasionflkl  reference  or  to  recall  their  fall  explanation  tc 
the  mind,  but  in  some  oases  information  is  given  on  subjects 
not  noticed  in  the  other  parts  of  the  book. 

Absolute,  see  Units. 

AccxjMULATOR. — Another  name  for  secondary  batteries. 

Agonic  Lines. — Lines  running  through  those  parts  of  the 
earth  in  which  the  terrestrial  and  magnetic  meridians  ooincide: 
i.  e.  where  there  is  no  variation. 

Amalgamation.— Zinc  is  protected  from  waste  by  having  its 
surface  coated  with  mercury.  For  the  process  with  zinc,  see 
p.  1 24 ;  for  other  metals,  p.  390. 

AmpW. — The  B.A.  unit  of  current  (see  p.  234). 

Amplitude. — The  extent  of  swing,  as  in  a  pendulum,  or  the 
height  of  wave-motion  ;  the  strength  of  wave-action,  as  the  loud- 
ness of  sound,  depends  on  this,  while  the  charact^,  as  pitch  of 
note,  depends  on  wave-Zen^^A  or  time. 

Anion. — The  electro-negative,  acid  or  chlorous  radical  of  the 
salt  or  acid  decomposed.  Oxygen,  acid  radicals,  as  chlorine  are 
anions  (see  Ions). 

Anode. — The  positive  electrode  or  pole  of  a  battery :  the  wiiB 
or  plate  connected  to  the  copper  or  other  negative  element  of 
the  battery  ;  the  plate  which  leads  the  +  current  into  a  solu- 
tion to  be  decomposed,  and  at  which  are  set  free  the  oxjge&i 
acid  radicals,  and  all  —  ions  (anions).  In  electro-metallurgy  it 
is  usually  formed  of  the  metal  to  be  deposited,  in  which  case  it 
is  called  the  soluble  anode  or  pole. 

Arc. — The  air  space  in  which  the  electric  light  forms ;  it 
contains  carbon  vapour  and  gives  off  the  violet  rays  which 
render  the  arc  light  so  steely  in  character. 

Arc,  see  Multiple. 

Armature. — The  keeper  of  a  magnet.  ArmcUure  of  d^nai^ 
machine :  the  part  which,  like  the  keeper,  closes  the  magnetic 
lines  of  the  field  magnet ;  it  is  usually  the  moving  part. 
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Astatic. — Without  inherent  directive  power ;  osnally  applied 
to  pairs  of  reversed  needles,  §  309. 

Atom. — The  supposed  ultimate  particle  of  the  elements,  p.  2. 

There  is  still  much  confasion  as  to  the  terms  atom  and  equi- 
valent, which  were  formerly  used  for  the  same  purpose,  but 
modem  chemistry  attaches  a  distinct  idea  to  the  atom,  which 
correlates  it,  not  only  to  chemical  affinity,  but  to  heat  and 
other  forces. 

Atomic  Weight. — The  relative  weights  of  the  atoms  as 
compared  with  that  of  hydrogen  taken  as  i.  At  p.  319  is  a 
table  of  the  atomic  weights  and  other  particulars  of  the  element^ 
most  important  in  electricity. 

Balance. — See  Bridge.    Hughes'  Induction^  see  §  11 66. 

Ballistic  Galvanometer.  —  This  measures  a  momentary 
current  such  as  a  discharge  of  a  condenser,  just  as  a  ballistic 
target  measures  the  impact  of  a  shot.  It  requires  a  heavy 
needle,  presenting  little  surface  to  the  air.  The  quantity  of 
electricity  is  proportional  to  the  tine  of  half  the  angle  of  the  first 
swing. 

Base. — See  Kadical. 

Battery. — A  combination  of  voltaic  cells.  The  word  is  com- 
monly— but  erroneously — used  for  a  single  cell  (e.g.  Smee's 
battery),  but  it  strictly  means  two  or  more  cells  coupled 
together  in  series.  The  term  is  also  applied  to  similar  com- 
binations of  Leyden  jars. 

Break. — See  Commutator. 

Bridge. — Wheatstone*s.  An  apparatus  for  measuring  resist- 
ances by  balancing  the  unknown  B  against  one  known  and 
capable  of  regulation,  p.  243. 

B.A, — British  Association.    See  Units. 

Brushes  of  dynamo  machines ;  the  collectors  of  the  current. 

Calorimeter. — Instruments  for  measuring  heat  produced ; 
for  electrical  uses,  they  are,  in  fact,  thermometers;  but  for 
measuring  the  heat  produced  in  chemical  actions,  &c.,  very 
elaborate  instruments  are  made,  as  described  in  treatises  on 
Heat. 

Candle,  Electric.  An  arc  light  generated  at-  the  end  of  two 
carbon  rods  arranged  side  by  side,  and  burning  away  equally. 
First  made  by  Jablochkoff. 

Oandle-poioer  of  light. — ^The  legal  standard  for  measurement  of 
gas  is  a  spermaceti  candle  of  six  to  the  pound  burning  at  the 
rate  of  2  grains  per  minute. 

Capacity. — The  power  of  a  surface  or  dielectric  arranged  as  a 
condenser  to  hold  electricity  as  "static  charge."  Its  unit  is 
the  farad.  2  s 
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Cascade,  charging  tn,  is  the  old  term  for  Leyden  jars  arranged 
in  series,  like  voltaic  batteries. 

Cathode.— The  negative  pole  of  a  battery ;  the  wire  or  plate 
connected  to  the  zinc ;  the  plate  at  which,  m  any  deoompoeititHi 
cell,  the  cations  or  -\-  ions  are  set  free.  In  electro-metalling, 
the  object  upon  which  the  deposit  is  to  be  formed  is  the 
cathode. 

Cation. — Electro-positive  elements  and  radicals,  which  are 
set  free  in  electrolysis  at  the  cathode.  Hydrogen  and  metals  in 
the  order  of  the  electric  series  are  cations.    See  Ions. 

Cell. — Each  separate  vessel  in  which  a  chemical  action 
occurs,  forming  part  of  the  electric  circuit.  Thus  there  are  the 
active  or  generating  cells — i.  e.  those  which  form  the  battery, 
and  the  decomposition  cells,  and  these  last  may  be  of  two 
classes :  (i)  Passive  or  mere  resistances,  such  are  those  employed 
in  electro-metallurgy  where  the  metal  is  dissolved  &om  the 
anode,  and  simply  transferred  to  the  cathode;  (2)  where 
chemical  force  is  exerted  and  absorbed  in  effecting  true  decom- 
position, as  in  the  gas  voltameter. 

C.G.S. — Centimetre  Gramme  Second.     See  Units. 

Charge. — The  measured  quantity  of  static  electricity  aoco- 
mulated  on  a  conductor  or  a  condenser. 

Chkmic. — See  Current,  Units  of. 

Chlorous. — Pole,  a  term  sometimes  used  for  the  negative  pole, 
or  cathode.  A  chlorous  radical  is  that  radical  of  a  salt  or  add 
which  answers  to  chlorine  in  HCl — that  is,  it  is  the  acid  radical 
or  electro-negative  element  or  anion. 

CiRcaiT. — The  path  along  which  the  current  travels,  or  is 
which  electric  tension  is  set  up. 

Conductive  circuits  are  those  through  which  current  passes, 
and  are  composed  wholly  of  conducting  materials. 

Inductive  circuits  apply  to  static  electricity,  and  are  partly 
composed  of  insulating  materials,  as  air  or  condensers. 

We  may  conceive  a  conductive  circuit  as  represented  by  an 
endless  chain  driven  by  a  drum  to  which  force  is  applied  (this 
representing  the  generator);  such  a  chain  will  drive  any 
machinery  to  which  it  is  connected,  as  the  current  does  work. 
The  inductive  circuit  resembles  more  a  single  chain  acting  on  a 
spring,  like  a  bell-wire,  so  that  only  single  impulses  can  be 
given,  and  on  release  the  spring  restores  the  energy. 

Derived  circuits  are  a  division  of  the  path  in  two  or  more 
parallel  branches. 

Commutator. — Break,  contact-breaker,  and  circuit-changer. 
They  are  of  many  forms  according  to  the  purpose  required ;  a 
simple  spring  pressing  on  a  point  serves  for  a  mere  break  or 
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intermpter  of  the  current,  but  the  arrangement  is  often  compli-» 
cated  when  it  is  necessary  to  provide  several  different  circuits 
for  the  current. 

Conductivity. — The  degree  of  power  to  permit  current  to 
pass ;  it  is  the  opposite  of  '*  Besistance,"  which  see. 

Conductors. — Substances  which  permit  electricity  to  pass. 
It  used  to  be  thought  that  substances  were  of  two  distinct 
classes,  conductors  and  insulators ;  but  it  is  now  known  that  it 
is  only  a  question  of  degree  of  resistance.  Silver  is  the  best 
conductor,  then  other  pure  metals,  then  alloys;  solutions  of 
electrolytes  follow,  but  at  a  long  interval.  Current  passes 
through  conductors  in  the  ratio  of  their  sectioned  area,  and  the 
inverse  ratio  of  their  length. 

Connections. — Wires,  &c.,  completing  the  circuit  between 
different  apparatus ;  they  should  be  sufficiently  large,  and  of 
copper  so  as  to  give  little  resistance.  There  is  o^n  much 
trouble  caused  by  the  stiffness  of  stout  wires,  it  is  therefore 
well  to  form  a  spiral  upon  each  connection,  so  as  to  give  a  little 
elasticity.  The  best  connections,  however,  are  made  of  wire 
cord,  such  as  is  made  for  window  sash-line,  or  by  twisting  up 
fine  copper  wire  into  a  cord ;  lengths  suited  to  various  purposes 
should  be  cut,  and  to  the  ends  should  be  soldered  pieces  of 
No.  1 2  copper  wire,  of  a  couple  of  inches  long,  for  insertion  in 
binding-screws.  If  these  ends  are  well  silvered  or  gilt,  much 
trouble  in  cleaning  will  be,  saved.  Annoyance  from  accidental 
contacts,  &c.,  is  also  avoided  by  covering  these  conductors  with 
narrow  tape  plaited  on,  and  soaking  with  boiled  oil. 

For  uniting  toirea,  blocks  of  brass  are  very  useful  with  two 
parallel  holes  drilled  through  and  a  screw  to  pres:^  in  each.  A 
very  simple  and  convenient  connection  may  be  made  with  a 
piece  of  i8  copper  wire  3  inches  long,  which  is  to  be  ham- 
mered flat  for  2^  inches  and  filed  smooth  so  as  to  give  it 
spring :  it  may  then  be  tinned  with  a  soldering  iron,  or  prefer- 
ably  nickelled  or  gilt,  and  then  wound  up  in  a  helix  upon  a 
piece  of  iron  wire  larger  than  any  wires  it  is  to  be  used  with : 
it  can  be  then  curved  so  as  to  grasp  a  wire  end  pushed  into  it. 
Two  of  these  joined  together  or  made  on  the  ends  of  one  piece 
make  a  perfect  connection ;  they  can  be  joined  in  any  number ; 
and  at  a  time  when  the  writer  was  unable  to  obtain  binding- 
screws  and  consequently  devised  this  plan,  instruments  were 
entirely  fitted  up  with  them,  and  have  remained  so  fitted,  and 
useful  for  30  years. 

Wood-screws  make  convenient  connections  if  a  piece  of  wire  is 
soldered  in  the  cut,  to  turn  them  with ;  a  piece  of  sheet  metal 
with  a  wire  attached  to  it  may  be  placed  in  the  hole  in  which 
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they  work,  and  a  metal  washer  under  the  head  to  grip  a  bent 
wire  placed  under  it. 

CoKSEQUENT  PoLES.— Where,  intentionally  or  aocidentally,  two 
N  or  two  S  poles  are  formed  together  S — NN— S,  in  which 
case  we  have,  apparently,  a  magnet  with  two  similar  poles  at 

its  ends.  .    ,.  .^     , 

Constant. — ^A  value  which  correlates  individual  cases  to 
general  laws.  The  constant  of  a  galvanometer  is  the  value  in 
amperes  corresponding  to  unit  deflection;  or  it  may  be  the 
resistance  which,  with  a  given  battery,  produces  nnit  de- 
flection. . 

Coulomb.  —  The  B.A.  unit  of  quantity,  which  passeB  in 
I  second  of  an  ampere  current. 

Current. — This  word  is  used  in  many  ways.  The  electric 
current  means  the  supposed  flow  or  patssage  of  electricity  or 
electrical  force  in  the  direction  from  +  to  —  or  pNOsitive  to 
negative.  It  therefore  originates  at  the  zinc  surface  in  contact 
with  the  solution,  and  passes  from  the  zinc  to  the  copper  or 
other  negative  metal  in  the  Uquid  of  the  battery,  but  frtnn  the 
negative  metal  to  the  zinc  in  the  external  circuit  (see  Positive 
and  Negative).  Ourrent  also  means,  scientifically,  the  measured 
work  done  chemically,  or  what  was  formerly  called  "  Quantity "" 
(which  see,  also  Intensity  of  Current).  For  the  laws  governing 
this,  see  Ohm's  Laws  and  Units.     See  Density. 

Ourrent,  Units  o/.— The  accepted  B^.  unit  is  the  amperCj  which 
is  the  result  of  i  volt  of  electromotive  force  acting  in  a  circuit 
of  I  ohm  resistance.  Its  chemical  value  is  explained  p.  270, 
It  was  formerly  called  a  Veber, 

The  Chemie  is  used  in  these  pages  where  it  is  desirable  to 
keep  in  view  the  relation  of  electricity  to  atoms  and  moleculee 
of  matter,  which  it  does  more  perfectly  than  the  ampere,  as 
explained  p.  22^.  An  ampere  current  is  equal  to  one  of  5-68 
chemics,  the  chemie  being  i  grain  equivalent  of  action  in 
10  hours. 

Declination.— The  angular  difference,  at  any  part  of  the 
earth,  between  the  nearest  pole  of  the  eai'th  and  flie  oorrespond- 
ing  magnetic  pole :  it  is  the  variation  of  the  compass. 

Density.— The  "quantity"  upon  unit  area  of  surface,  which 
varies  on  the  one  surface  according  to  form  and  nearness  of 

surroundings.  -xi.     v  •     *v  c 

Density  of  current,  the  same  as  with  charge,  in  the  case  of 

electrolysis,  which  materially  affects  the  action  and  the  quality 

of  deposit.    Heat  in  wires  is  also  proportionate  to  the  i-atio  of 

current  and  section  of  the  conductor. 
Diaphragm. — A  porous  division  between  two  liqmds,  through 
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"whicliL  electric  cuiTent  passes,  and  in  which  osmose  occnrs ;  and 
an  E  M  F  is  produced  as  a  result  of  capillary  actions. 

Dielectrics. — ^Non-conductors  in  which  induction  occurs, 
such  us  air  and  guttapercha. 

Dyiiamometer.  —  This  means  "  force-measure,"  and  is  the 
proper  name  for  an  apparatus  which  measures  mechanical 
power,  such  as  that  exerted  by  a  rotating  shaft  or  a  belt.  It 
18  often,  but  wrongly,  applied  to  Weber's  galvanometer,  which 
consisted  of  coils  in  place  of  needles  suspended  within  other 
circular  coils. 

Dyne. — The  C.G.S.  unit  of  Force,  that  which  gives  a  velocity 
of  I  centimetre  per  second  to  i  gramme  weight,  after  acting  for 
I  second. 

Earth. — ^Name  derived  from  the  old  mistaken  notion  that 
electricity  is  pumped  up  from  the  earth  as  a  great  reservoir ; 
Putting  to  earth  and  earth  connection  mean  a  general  return 
circuit,  which,  for  economy,  is  formed  through  the  earth  by 
means  of  ''  earth  "  plates,  buried  in  moist  strata  at  the  various 
necessary  points.  But  any  conductor  common  to  several  circuits 
is  technically  called  "  earth." 

Electrodes. — Faraday's  term  for  the  poles  or  plates  leading 
the  current  into  and  out  of  a  cell.  fcJee  Poles,  Anode,  and 
Cathode. 

Electrolysis. — The  act  of  decomposition  by  an  electric 
current. 

Secondary  electrolysis  is  a  decomposition  supposed  to  be 
effected  by  the  chemical  action  of  the  substance  really  set  free 
by  the  current  (see  Nascent).  For  explanation  of  this  action, 
see  §  605. 

Electrolytes. — Bodies  capable  of  being  decomposed  by  an 
electric  current.  Thejr  must  be  composed  of  (or  rather  be 
capable  of  breaking  up  into)  two  radicals  (see  Ions) ;  therefore, 
substances  which  contoin  three  or  more  radicals  are  not  electro- 
lytes. 

Electrometer.  —  Instrument  for  measuring  electrostatic 
charge,  or  tension. 

Electromotive  Force. — The  tendency  to  develop  electric  ten- 
sion ;  in  ordinary  galvanic  batteries  the  electromotive  force  is 
set  up  by  the  attraction  of  zinc  for  an  acid  radical ;  its  degree 
depends  upon  the  force  and  number  of  such  chemical  affinities 
in  the  circuit,  and  inasmuch  as  there  are  also  opposing  affinities 
tending  to  develop  electromotive  force  in  the  opposite  direction, 
the  actual  force  depends  upon  the  excess  of  the  total  affinities 
in  the  direction  of  the  current,  over  those  in  the  opposite 
direction.  ^         i 

Digitized  by  VjOOQIC 


630  DIOnONABT  OF  TEBliS. 

Electromotive  force  may  be  either  contimionB  or  intermittent 
Galvanic  batteries  and  frictional  machines  set  np  a  contuinoiu 
E  M  F,  which  may  be  compared  to  gravity  in  its  actions  and 
laws. 

Revolving  magnets,  charged  condensers,  the  secondary  wires 
of  induction  coils,  set  up  a  variable  E  M  F,  which  may  be  com- 
pared to  the  energy  of  impulses  and  with  the  laws  of  projectilee. 
Such  intermittent  forces  require  a  different  mode  of  considera- 
tion and  of  measurement  from  those  of  a  constant  £  M  F, 
although  the  same  fundamental  principles  apply  to  both. 

The  unit  of  E  M  F  is  the  doU. 

Elements. — The  ultimate  substances  into  which  all  the  bodies 
we  know  can  be  resolved,  and  which,  themselves,  have  not  been 
resolved  into  any  simpler  bodies.  There  are  63  elements  known, 
and  several  more  suspected.  They  are  assumed  to  exist  in  the 
form  of  atoms,  and  further  information  will  be  found  under  that 
head  and  under  Equivalents. 

Bndosmose. — See  Osmose. 

Equivalents. — All  chemical  actions  take  place  in  a  definite 
ratio,  which  is  explained  by  the  atomic  theory  as  due  to  the 
combination  of  i,  2,  or  more  atoms  of  one  substance  or  element, 
with  I,  2,  or  more  atoms  of  others.  Each  element  has  its  own 
equivalent  weight,  as  compared  with  hydrogen  as  i.  There  is 
much  confusion  of  ideas,  due  to  the  change  of  modem  chemistry 
from  the  old  system  of  stating  reactions  in  equivalents  to  the 
modem  system  of  stating  them  in  atoms.  Table  XIII.  p.  319, 
gives  a  list  of  the  equivalents.  The  relation  of  electrici^  to 
these  equivalents  is  such,  that  in  a  chain  or  circuit  composed  of 
any  variety  of  compounds  of  two  of  these  bodies  (which  are,  in 
fact,  elements,  radicals,  and  ions),  the  same  current  would 
release  from  combination  the  relative  weight  set  against  each 
substance.  The  weights  themselves  are  relative  or  abstract^  but 
in  this  work  they  are  taken  as  *'  grains,"  for  the  purpose  of 
getting  a  definite  electric  measure  of  current  and  work. 

Equivolt. — A  unit  devised  by  the  author  to  connect  together 
EMF  and  quantity.  It  is  the  energy  engaged  in  efiectiDg 
I  equivalent  of  chemical  action  in  a  circuit  of  i  ohm  resistance^ 
and  under  the  volt  electromotive  force.  It  is  described  §  527. 
Its  mechanical  equivalent  is  4673  foot-lbs.  This  unit,  when 
thoroughly  comprehended,  will  greatly  aid  in  understanding 
electricity,  and  the  doctrine  of  the  correlation  of  forces. 

Erg. — The  C.Q.S.  unit  of  energy.  The  work  of  i  dyne  in 
I  second. 

Erg-ten,  10,000,000,000,  ten  thousand  million  ergs,  written 
I  X  10^^  on  the  index  notation  explained  p.  228. 
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Extra  Current. — ^The  induced  ourrent  of  higher  E  M  F 
which  appears  in  a  wire,  especially  when  wound  in  a  helix, 
when  the  current  is  broken. 

Farad. — The  unit  of  capacity :  i  coulomb  under  i  volt. 

Field  of  Force. — The  space  between  the  poles  of  a  magnet, 
or  two  electrically  charged  surfaces,  and  other  active  forces. 

Galyanombtee. — An  instrument  for  measuring  *'  current ''  by 
its  magnetic  effects  in  deflecting  a  magnetic  needle.  They  are 
not  comparable  among  themselves  unless  graduated  for  the 
purpose.  The  tangent  and  sine  galvanometers  are  proportional, 
so  that  knowing  the  value  of  one  deflection,  all  others  may  be 
calculated. 

Horse-Power. — 33,000  foot-lbs.  per  minute.  The  French 
"  force-cheval "  represents  32,560  foot-lbs. 

Induction.  —  This  is  the  name  given  to  effects  produced 
outside  of  the  body  exerting  a  force,  or  out  of  the  circuit  to 
which  the  force  is  directly  applied.  Thus  a  magnet  induces 
magnetism  in  neighbouring  magnetic  substances,  and  then 
attracts  them. 

A  static  charged  surface  is  said  to  induce  an  opposite  electric 
charge  upon  sur£BM)e6  presented  to  it ;  as  to  which  see  p.  34. 

A  ourrent  in  a  wire  induces  currents  in  other  conductors 
parallel  to  it.    See  Secondary. 

Inductoriitm. — A  name  for  Induction  Coils. 

Inertia. — ^A  word  embodying  the  fact  that  matter  will  neither 
move  or  stop  moving,  except  by  an  external  action :  the  resis- 
t^ce  to  change  of  state  of  rest  or  motion. 

Influence  Machines.— Those  on  the  principles  of  the  Holz, 
Voss,  and  Wimshurst  type. 

Insulators. — Bodies  possessing  high  resistance ;  all,  however, 
allow  some  ourrent  to  escape  or  rather  "  charge  "  to  be  lost  as 
ourrent.  They  are  called  '*  electrics,''  because  friction  develops 
electric  excitement  in  them.  Ebonite  is  the  highest  **  non-con- 
ductor"; paraffin,  sulphur,  and  glass  follow.  A  full  list  is 
given  p.  I  J.  Telegraphic  insulators  are  the  porcelain  cups,  &c., 
to  which  tne  wires  are  secured,  and  which  prevent  electric  com- 
munication being  formed  between  the  wires  and  the  earth 
through  the  posts. 

Intensity. — The  old  term  for  the  properties  now  described  as 
electromotive  force  and  tension.  Batteries  were  said  to  be 
arranged  for  intemUy  when  the  cells  were  coupled  together  in 
series.  The  term  leads  to  such  confusion  that  it  is  best  aban- 
doned altogether. 

Interuity  of  Ourreni. — ^A  term  adopted  from  the  French  intenniS 
de  caurdni.    It  means  ''  quantity " ;  and  the  best  writers  now 
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tiBe  the  dimple  word  "  current,"  to  avoid  the  oonfosioii  of  these 
oonflictihg  terms. 

Ions. — Faraday's  term  for  the  two  parts  into  n^hich  an 
electrolyte  breaks  up ;  they  may  be  regarded  as  "  radicals,'' 
and  may  be  either  single  atoms  of  elements,  doubled  atoms 
which  still  act  as  one  chemically,  or  they  may  be  compound 
radicals,  like  cyanogen,  ammonium,  and  the  radicals  of  acids. 
They  are  of  two  classes,  named  from  the  electrode  at  which 
they  appear ;  but  it  must  be  remembered  that  the  same  radical 
may  be  an  anion  at  one  time  and  a  cation  at  another,  according 
as  it  is  united  with  a  radical  more  or  less  high  in  the  order  of 
affinity.    See  Anions  and  Cations. 

IsocLiNiG  Lines. — Those  drawn  through  places  in  which  the 
dip  is  equal ;  in  fact  of  magnetic  latitude. 

IsoGONiG  Lings. — Those  drawn  through  places  of  equal  dediua-- 
<ton,  or  lines  of  magnetic  longitude. 

JouLAD. — The  B.A.  unit  of  energy,  p.  2^6.  It  is  sometimes 
called  the  jouUy  but  that  name  has  also  been  applied  to  the 
mechanical  equivalent  of  heat,  772  foot-lbs. 

Knot. — The  geographical  and  nautical  mile,  which  some  affdct 
to  write  **  naut,"  tiiough  the  name  is  derived  from  the  corre- 
sponding knots  on  the  log-line  used  at  sea :  2029  yards. 

Meg -OHM. — The  prefix  meg  signifies  one  million. 

MiCRO-FARAD. — The  prefix  micro  signifies  one  millionth.  The 
micro-farad  is  the  practical  unit  of  capacity. 

Molecule. — ^The  ultimate  particles  of  free  or  oomplete  sub- 
stances. Modem  chemistry  draws  a  strong  distinction  between 
atoms,  equivalents,  and  molecules,  terms  as  to  which  there  was 
formerly  much  confusion.  The  true  meaning  is  fully  explained 
PP-5-8. 

Multiple  Arc. — Cells  connected  parallel,  or  as  derived  droaits 
to  each  other  so  as  to  act  as  one  large  cell. 

Nascent. — It  is  found  that  substances  have  a  much  greater 
chemical  force  at  the  instant  in  which  they  are  being  set  free 
from  combination  than  when  they  are  free  bodies.  They  are 
then  called  "  nascent.*'  Most  of  the  processes  of  electro-metal- 
lurgy are  usually  considered  to  be  effected  by  secondary  electro- 
lysis, through  this  action  of  nascent  hydrogen.  This  special 
energy  is  supposed  to  be  owing  to  substances  (or  radicals)  being 
then  in  the  atomic  instead  of  the  molecular  condition,  and 
therefore  having  all  their  chemical  energy  or  attractions 
engaged  in  seeking  a  combination.  It  is  commonly  the  case, 
also,  that  a  radical  cannot  be  set  &ee  at  all,  unless  in  the 
presence  of  some  other  bodies  with  which  it  is  capable  of 
uniting. 
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Nesativb. — In  the  battery,  the  copper,  carbon,  or  platinum 
plate. 

Negative  Pole. — Cathode,  platinode. 

Negative  Ions. — Oxygen  and  acid  or  chlpronB  radicals. 
»  Notation. — The  mode  of  expressing  cfiemical>  substances  and 
reactions  by  their  symbols.  Inhere  are  many  modes  of  expressing 
the  same  things  in  different  formulfe  according  to  the  special 
theory  of  constitution  adopted,  or  the  particular  view  of  the 
matter  intended  to  be  described;  and  there  are  two  distinct 
systems  in  use:  the  atomic  or  new  notation,  and  the  old 
equivalent  notation. 

There  are  also  many  ways  of  writiug  formulas.  That  used  in 
these  pages  is  the  simplest  known,  being  based  upon  the  binary 
theory  of  salts,  and  showing  every  atom  in  a  reaction  by  its 
distinct  symbol. 

Some  fanciful  formulaa  have  been  used  lately,  for  the  purpose 
of  expressing  particular  theories  on  the  constitution  of  sub- 
stances. The  most  prominent  is  Frankland's,  based  on  the 
hydroxyl  theory.  It  is  exceedingly  puzzling,  as  it  does  not 
show  real  atoms,  but  the  supposed  compound  radicals  of  the 
theory ;  and  as  Ho  and  Cuo  mean  something  different  from  the 
usual  HO  and  CuO,  it  is  rarely  written,  and  neyer  printed 
correctly  throughout. 

Occlusion. — The  absorption  of  gases  by  solids,  with  some 
change  of  property.  The  union  of  hydrogen  with  palladium  is 
the  most  striking  instance.  The  absorbing  power  of  charcoal  is 
sometimes  called  occlusion,  but  is  probably  of  a  different 
character. 

Ohm. — The  B.A.  unit  of  resistance.    For  its  value  see  p.  232. 

Ohm's  Laws. — These  formulaB,  devised  by  Ohm,  enable  us 
to  calculate  from  certain  data  all  the  information  we  require. 
The  symbols  should  represent  fixed  units  (see  Units)  to  obtain 
definite  results.     Otherwise  they  are  merely  comparative. 

E  stands  for  electromotive  force,  E  for  resistance,  C  for 
current.  Any  two  of  these  being  known  we  can  calculate  the 
third  ;  thus  knowing  the  force  of  the  batteries  to  be  used,  and 
the  resistance  of  a  circuit,  we  can  calculate  the  current  generated, 
and  therefore  the  amount  of  work  to  be  effected  under  any  given 
conditions. 


BMP 

Current. 

Besistanoe. 

Energy. 

E  =  CxR 

-i 

^}  =  C^  X  B  X  i 
J     =  E  X  C 
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W  means  mechanical  work,  H  is  heat,  ib  is  a  oonstant  t€» 
presenting  the  suitable  unit  (pp.  236,  325),  and  J  the  jookd 
or  volt-ampere. 

.Osmose. — The  process  of  diffasion  of  liquids  through  i 
porous  division,  which,  like  the  diffusion  of  gases,  ahov^ 
that  the  molecules  of  matter  in  these  states  are  in  coBstuit 
motion : 

Endosmoie  and  exosmoge  are  names  given  to  the  two  directioof 
of  the  motion  as  related  to  any  given  vesseL  Mectric  cnrrect 
and  difference  of  potential  give  a  stimulus  to  osmotic  acticm, 
as  explained  p.  136. 

Paraffin. — This  valuable  substance  is  obtained  from  oaimel 
coal  by  distillation.  Another  form  of  the  substanoe  is  called 
Ozokerit,  or  earth-wax.  Its  name  (without  affinitv)  describes 
its  value,  for  it  is  scarcely  acted  on  by  any  of  the  chemical 
agencies,  acids,  alkalies,  &c. ;  it  is  also  one  of  the  best  of 
insulating  substances  and  resistants  of  moisture,  and  has  mmT 
useful  properties  described  p.  83. 

Peltier  Effect. — A  current  passing  across  a  junction  of 
two  dissimilar  metals  absorbs  heat  (that  is,  cools  the  junctions) 
if  it  passes  in  direction  of  the  current  which  heat  would  produce. 
If  it  passea  in  the  opposite  direction  it  produces  heat,  in  excesi 
of  that  due  to  the  resistance. 

Platinode. — Daniell's  term  for  the  cathode  or  that  plate  in 
any  cell  which  does  not  dissolve. 

roLARiZATiON. — The  act  of  arranging  the  substances  which 
form  an  electric  circuit  in  a  polar  order  or  chain  of  +  and  «* 
radicals,  presented  towards  and  reacting  on  each  other.  It 
resembles  the  arrangement  which  takes  place  in  a  number 
of  magnetic  needles  which  arrange  themselves  in  an  order  of 
NS,  NS. 

Polarization  of  PZa^et.— This  very  confusing  and  absurd  term 
is  applied  to  an  action  which  occurs  whenever  the  carreut 
passes  from  liquid  to  solid  conductors:  there  forms  on  the 
surface  of  the  latter  a  film  different  irom  the  liquid,  by  which 
there  is  not  only  a  greater  resistance  introduced,  but  an  electro- 
motive force  is  generated,  opposing  that  of  the  current,  so  that 
if  suddenly  connected  to  a  galvanometer,  and  the  main  circuit 
broken,  a  reverse  current  will  be  maintained  for  some  timai 
Secondary  batteries  are  based  on  this  action. 

Poles. — The  wires,  plates,  &c.,  leading  from  the  battery: 
their  name  is  the  opposite  of  that  of  the  plate  they  lead  from  ; 
thus  the  zinc  is  the  positive  metal,  plate,  or  element  of  the 
battery,  but  the  wire  leading  from  tne  zinc  is  the  negative 
pole.    This  is  fully  explained  pp.  118  and  175. 
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Positive. — In  the  battery,  the  zinc  plate ;  in  a  decomposition 
cell,  the  anode. 

Poeitive  Pole;  +,  the  anode,  the  zincode,  by  which  the 
current  enters  another  cell. 

Positive  Ions  ;  hydrogen,  metals,  and  basic  radicals. 

Potential. — A  mathematical  term  much  misunderstood. 

The  Potential  of  a  battery  means  its  electromotive  force. 

Statie  potential  is  the  corresponding  stress  exerted  in  the 
direction  of  the  opposite  electricities  and  is  comparable  to  the 
pressure  exerted  by  head  of  water. 

Potential  is  studied  as  to  its  capacity  to  generate  curretU^  p.  265, 
and  as  representing  stored  work,  p.  349. 

Potential  energy  is  stored  work,  capable  of  again  doing  work,  as 
in  a  lifted  weight,  a  strained  spring,  or  chemical  decomposition. 

QuANTiTT. — ^A  term  based  on  the  idea  that  electricity  is  an 
actually  existing  element,  having  quantitative  relations  to 
chemical  actions,  similar  to  the  atomic  weights  of  the  material 
elements.  The  definition  applicable  to  existing  ideas  of  the 
nature  of  electricity  will  be  found  under  "  Current."  The 
coulomb  is  its  B.A.  unit. 

Badicam, — ^Either  elementary  atoms,  or  compound  bodies 
which  act  like  atoms,  retaining  their  completeness  and  indi- 
viduality through  a  series  of  chemical  changes.  It  is  considered 
that  the  acids  are  formed  of  such  radicals  whose  attractions 
are  satisfied  by  hydrogen,  while  salts  are  the  same  radicals 
satisfied  by  metals  or  compound  basylous  radicals.  These 
radicals  are  the  ions  of  the  theoi-y  of  electrolysis. 

Reduced  Length. — A  term  formerly  used  to  express  a  resis- 
tance in  the  terms  of  its  equivalent  length  of  wire  or  resistance. 
It  is  now  superseded  by  the  definite  expression  in  ohms. 

Belay. — A  small  instrument,  such  as  an  electro-magnet,  which 
receives  a  feeble  current  from  a  distance  and  closes  the  circuit 
of  a  local  battery  so  as  to  produce  an  effect  of  the  required 
degree  of  strength. 

Besinous  electricity. — ^Negative,  developed  by  rubbing  ebon- 
ite, &c. 

Besistanoe. — ^The  opposition  presented  by  the  circuit  to  the 
development  of  the  current ;  it  is  an  inherent  property  of  every 
substance,  varying  in  degree  in  each  substance,  from  silver,  the 
best  conductor,  up  to  guttapercha  and  the  other  so-called  non- 
conductors. Whatever  the  special  substance,  however,  its  actual 
resistance  may  be  expressed  in  any  common  unit ;  thus  we  may 
describe  the  resistance  of  a  decomposition  cell  as  equal  to  so 
many  feet  of  a  given  wire.  The  unit  of  resistance  now  generally 
employed  is  the  ohm. 
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Beaiatance  is  ike  reciprocal  of  the  conducting  capacity  of  a  dretut: 
its  relations  to  work,  <fec.,  are  explained,  p.  274. 

i^esistance  requires  to  be  considered  in  the  various  sections 
of  the  circuit  as  "internal,"  that  of  the  battery  itself;  and 
"  external,"  that  of  the  work  to  be  done,  the  conductors  leading 
to  it,  and  any  measuring  apparatus  employed. 

Resistance,  when  it  is  not  work  in  some  form,  always  con- 
verts the  energy  of  the  current  into  heat.  See  Ohm's  Laws, 
and  Units. 

Eetardation. — A  term  applied  to  the  inductive  action  which 
reduces  the  rate  of  signalling  in  submarine  cables.  A  signal 
to  be  transmitted  requires  a  current  at  the  receiving  end 
adequate  to  the  mechanical  work  to  be  performed  in  the  in- 
struments. The  amount  of  that  current  is  measured  by  the 
well-known  Ohm*s  formula.  But  that  current  is  not  obtained 
in  the  receiving  instrument  at  the  instant  of  making  contact  at 
the  transmitting  end.  A  charge  has  to  be  given  equivalent 
to  the  inductive  capacity  of  the  cable,  and  this  charge  acts  as  a 
resistance,  great  at  first,  but  gradually  diminishing  to  nothing. 
During  this  process  the  current  at  the  receiving  end  increases 
as  the  momentary  value  of  this  inductive  resistance  diminishes, 
till  it  reaches  the  amount  due  to  the  ordinary  wire  resistance  of 
the  circuit. 

Eheometer. — A  galvanometer. 

Rheostat.— Resistance  instrument.  Wheatstone  applied  these 
names,  and  his  early  forms  are  described,  p.  237. 

Rheotrope. — A  reversing  commutator. 

Secondary. — An  action  or  a  circuit  depending  on  another. 

Secondary  Action. — See  Electrolytes. 

Secondary  Battery. — See  Polarization  of  Plates. 

Secondary  Wire,  in  coils,  is  the  long  and  fine  outer  wire  in 
which  the  induced  current  is  set  up  by  the  magnetic  reaction  of 
the  core. 

Shunt. — ^A  wire  arranged  to  carry  off  a  definite  proportion  of 
a  current :  a  bye-pass  to  an  instrument ;  another  branch  road 
as  in  railways,  from  which  the  term  comes. 

S01.ENOID8. — Helices  of  wire,  which  act  as  magnets. 

Switch. — A  commutator  which  will  change  the  circuit  to  one 
of  several  circuits  as  required  to  be  set  in  action. 

Tension. — The  strain  put  upon  the  circuit  by  the  electro- 
motive force ;  it  may  be  regarded  as  a  single  amount,  or  as  -f- 
and  —  equal  in  opposite  directions  from  the  source.  This  term 
used  to  be  employed  in  the  sense  now  covered  by  potential,  and 
much  confusion  still  exists  as  to  the  meaning,  as  may  be  seen 
§75. 
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Thomson  Effect. — An  E  M  F  exista  between  unequally  heated 
parts  of  the  same  metal  so  that  a  current  passing  produces  the 
Peltier  eflfect,  but  different  in  different  metals.  In  copper, 
current  from  hot  to  cold  generates  heat ;  in  iron  it  absorbs  heat 
or  produces  cold ;  and  vice  versd. 

Units. — The  various  bases  of  any  system  of  measurement. 

!rke  Absolute  are  based  upon  the  units  of  mass,  length,  and 
time,  such  as  i  gramme,  i  metre,  and  i  second. 

The  C.G.S.  system,  in  which  the  centimetre  replaces  the 
metre,  is  now  generally  adopted.  Its  unit  of  farce  is  the  dyne^ 
and  of  energy  the  erg^  and  a  complete  system  of  electric  values 
are  related  to  these. 

The  B.A.  system  (the  British  Association),  now  universally 
adopted,  is  based  upon  the  preceding,  but  consists  of  named 
units  of  convenient  magnitude,  as  follows  : — 

Electromotive  Force  and  Potential.  —  The  voU  =  lo'  C.G.S. 
units.  The  Daniell's  cell,  that  is,  the  chemical  affinity  of  zino 
displacing  copper  from  its  union  with  sulphuric  radical,  is 
I '079  volts;  and  therefore,  for  rough  purposes,  may  be  taken 
as  a  volt. 

Besistance,  the  ohm  =10*  C.G.S.  units.     Ohm  measures  made 
of  German-silver  wire  can  be  obtained  of  scientific  instrument- 
makers,  and  from  them  instruments  for  measuring  resistances 
can  be  made  as  described,  pp.  158  and  171. 
10* 

Current, — The  ampere^  — 5-  =  io"S  or  •  i  C.G.S.  unit  per  second. 
10" 

I  ampere  decomposes  '00142  grain  of  water.  Formerly 
called  veber. 

Quantity. — The  eoulonh,  the  same  value  as  the  ampere. 

Energy. — The  joulad,  the  work  done  by  one  ampere  in  one 
ohm. 

Power. — ^The  watt,  1  -f-  746  of  a  horse-power,  expended  in 
doing  I  joulad  of  work. 

Yeber. — See  Weber. 

Vitreous  Electricity. — Positive,  developed  by  rubbing  glass. 

Volt. — The  unit  of  electromotive  force  and  potentiaL  See 
Units. 

Voltameter. — An  appai-atus  for  measuring  the  current  by  its 
chemical  action ;  the  term  is  usually  limited  to  a  vessel  pro- 
vided with  two  platinum  poles  for  the  decomposition  of  dilute 
acid,  and  with  tubes  for  collecting  and  measuring  the  gases 
given  off. 

Volt-ampAre. — ^Energy  expended  by  current.  See  Joulad, 
which  is  the  same. 
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Weber. — The  old  name  for  unit  carrent,  now  the  ampke. 
Some  German  vniters  use  the  name  upon  a  system  which  gives 
it  the  value  of  lo  amperes. 

ZiKcoDE. — DanielFs  term  for  the  anode,  because,  like  the  zinc 
of  a  battery,  it  dissolves. 


To  Gqard  Aoainst  Fire  Eisks  ik  Electric  LiGirrnro* 

t.  See  that  every  pari  of  the  system  is  insulated,  and  that  no 
jpor*  has  an  "  earth  circuit." 

2.  If  bare  wires  are  employed,  they  should  not  lie  upon  a 
continuous  support,  as  a  line  in  a  cornice,  but  be  supported  by 
insulators,  which  keep  them  away  from  surrounding  surfiioes. 

3.  Covered  wires  are  most  trustworthy;  but  they  should  be 
waterproof. 

4.  The  two  conductors  should  be  as  far  apart  as  possible,  and 
care  should  be  taken  that  they  do  not  approach  metallic  masses. 

5.  Bisk  of  accidental  short  circuit  must  be  guarded  against, 
so  that  no  piece  of  metal  can  fall  cross  the  two  wires,  and  no 
stratum  of  moisture  be  formed  between  them. 

6.  The  size  of  conductors  should  be  such  that  the  proper 
current  shall  never  raise  it  above  100^  Fahr.  and  in  each  branch 
there  should  be  a  fusible  conductor  which  will  give  way  before 
an  accidental  current  can  raise  the  temperature  of  the  conductor 
above  150^ 

7.  Arc  lamps  should  be  provided  with  a  saucer  to  catch  any 
falling  fragments,  a  gauze  above  to  prevent  sparks  from  rising, 
and  a  wire  netting  around  the  globe. 

8.  The  electro-motive  force  within  a  house  should  not  exceed 
200  volts  with  a  continuous  current,  or  60  volts  vrith  an  inter- 
mittent or  alternating  current. 

9.  High  E  M  F  is  dangerous  with  the  intermittent  current, 
because  of  the  violent  "  shocks  "  due  to  the  "  extra  *'  current  set 
up  by  discharge  of  the  whole  system  at  each  intermission. 
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AB80LI7TE  (tee  Unita),  226. 
Accelerotion  in  meohanios,  227,  260. 
AooamulatorSy  secondary.  172. 
Acoumniation,  magnetio,  476. 
Acid,  battery  solation,  work  of,  126. 

,  strength  and  E  M  F,  828. 

J in  secondary  batteries,  182. 

Acids,  organic,  in  electro-meiallorgy, 

435. 
Actinism,  552. 
Adhesion,  to  prevent,  389,  893. 

,  to  secure,  388. 

Affinity,  chemical,  cause  of,  315. 

1 (eee  Electromotive  Force). 

1  not  suspended  by  electrolysis, 

369. 
Air  as  oxidant  in  cells,  165. 

pumped  into  cells,  156. 

film  on  surfaces,  388. 

—  is  a  conductor,  604. 

Alarms,  electric,  590. 
Alkaline  nitrates,  150. 
AUotropy,  5,  862,  611. 

,  energy  as  cause  of,  611. 

Alloys  in  heat  (see  Resistance),  219. 

,  nature  of,  272. 

,  depositing.  436. 

Alum,  cnrome,  formed  in  battery,  147. 
Aluminium  in  batteries,  151. 

,  depositing,  436. 

Amalgam  for  machines,  89. 
Amalgamation  in  plating,  390. 

in  secondary  oatteries,  180. 

of  zincs,  124. 

Ammonia  not  a  radical,  357. 
Ammonium    chloride,    danger   with, 

372. 
— »  forms   double  salts   with 

zinc,  161. 
Ampeie,  the  unit  of  current,  234. 
,  chemical  value  of,  285, 270,  324. 


Ampere-hour,  the,  189,  235. 
Amp^e-tums,  magnetic    value,   511. 

526. 
Ampere's  magnetic  laws  and  theory, 

96.  ' 

Amplitude,  624. 

of  sound  waves,  598. 

Angles,  properties  of,  197. 
Auode,  856. 

—  corresponds  to  zinc  of  cell,  858. 
y  ptouer  size  of,  409. 

Aqua  regia  in  cells,  147. 
Are  multiple,  280. 

—  lampS)  566. 

,  differential,  567. 

carbon  arrangement,  565. 

lighting,  history,  558. 

voltaic,  560. 

,  microphonic  action  of,  606. 

,  products  of,  563. 

,  resistance  of,  562. 

,  temperature  of,  561. 

Armature,  magnetic  principlea  of,  479. 

drum,  Siemens',  498. 

ring,  apparent,  480. 

,  true,  481. 

— : —  — ,  actions  in,  495. 

rotating  over  poles,  actions  in, 

472. 

Asbestite,  82. 
Astatic  needles,  194. 
Atmospheric  electricity,  445. 
Atomic  combinations,  3. 

relations  of  energy,  120,  861,  571. 

substitution,  6. 

system,  value  of,  224. 

—  weight  and  gas  volume,  861. 

,  table  of,  &a,  819. 

Atomicity  (see  Valency),  3. 
Atoms,  condensed,  meejoing  of,  2. 

1  imaginary  dissociations  of,  829. 

Attraction  and  repulsion,  29,  54,  57. 
distance,  law  of,  103. 
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Attraction,  magnetic  (see  Magnetism), 
103. 

,  molecular,  illuBtrated,  332. 

Audiometer,  Hughes',  616. 
Aurora  (artificially  produced),  112. 
Automatic  transmitters,  684. 

B. 

B.A.  system  of  units,  &o.,  225. 
Balance  (see  Bridge,  Induction). 
Ballistic  galvanometer,  624. 
Butteries,  galvanic  (see  Cells),  115. 
,  arrangement  of,  130,  166,  280, 

628. 

,  classification  of,  117. 

~ — ,  construction,  151. 

,  cost  of  working,  table,  171. 

— ,  current  from,  129. 
— ,  enclosed  cells  for,  154. 

,  electromotive  force  of,  table,  336. 

,  fundamental  actions,   diagram, 

118. 

,  secondary  (see  Secondary),  172. 

Bells,  electric,  system,  587. 
Berthelot's  chemical  law,  873. 
Berzelius'  chemical  theory,  817,  362. 
Bichromate  of  potash,  147. 
Bjerknes'  experiments,  102. 
Blacklead  for  electrotype,  399. 
Bound  electricity,  71. 
Brass,  depositing,  437. 
Break  for  coils,  535. 

,  mercury,  536. 

,  double  contact,  249. 

Bridge,  Wheatstone,   principles,  243, 

248. 

, ,  construction,  246. 

, and  resistance,  250. 

,  — ,  decimal,  251. 

, ,  galvanometer  for,  248. 

Britannia  metal,  plating  on,  391,  422. 
Bronzing  copper,  416. 
Brown,  J.,  on  contact  theory,  330. 
Brush  (see  Discharge). 

machine,  500. 

Burgin  machine,  480, 501, 
Burnishing,  425. 
Byrne's  battery,  151. 

0. 

Calorimeters,  218. 
Calory,  two  values  of,  815. 
Candle  fired  at  board,  454. 
standard  of  light,  555. 


Capacity    (see    Dielectrics,    Eaer? 

Magnetic). 

and  surface,  75. 

of  cylinders,  plates,  and  spbiStt 

77. 

of  the  earth,  235. 

,  unit  of,  the  Farad,  235. 

,  spec  inductive,  table  of,  81. 

, and  re&aotiveindex,7* 

Carbon  (see  Cells). 

absorbs  light,  557. 

anodes  acted  upon,  186. 

,  artificial  platee,  152. 

,  connecting  to,  153. 

,  properties  of,  152,  335,  3S7. 

,  resLBtance  of,  283. 

, and  heat,  274, 

Carbons  for  arc  lamps,  569. 

for  incandescent  lamps,  576. 

Cascade,  charging  in,  626. 

Cells  (see  Batteries,  I>eoompositioD> 

,  oircidation  essential,  165. 

-^, ,  production  of,  in,  156. 

,  each  a  section  of  circuit,  1*23. 

,  electromotive  force,  taJble,  33& 

• f  enclosed,  154. 

,  single  liquid,  defects  of,  I^^ 

136. 

,  two  liquid,  principles,  135,  Hi 

,  size  and  forces  of,  127. 

,  two  classes  of,  357. 

,  used  as  vultameter,  134, 1.^- 

,  uses  suited  to,  171. 

,  work  capacity,  127 ;  table,  ItS. 

,  acids  for  (see  Names  of  AcidiV 

,  alkalies  in,  163. 

,  alkaline  nitrates  in,  163. 

9  aluminium  as  negative,  151. 

,  aqua  re^a  as  ozQant,  147. 

,  carbon  m,  132. 

, i  granulated,  or  rods,  154- 

-^— ,  iron  in,  132. 

1 ,  peroxide  and  perchlori'^' 

159. 

,  platinum  in,  151. 

,  silver  in,  132 ;  platinised,  ISl 

— ,  saline  solutions  in^  146. 

,  Bennett's,  164. 

,  bichromate  of  potash,  156. 

, ,  Voisia's  red  salt,  150. 

,  Byrnes',  151. 

,  chromate  of  lime,  149. 

^  Chutaux,  155. 

,  Clark's  standard,  162. 

-^— ,  copper  and  zinc,  131. 
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Cell,  Darnell,  136. 

. ,  EM  F  of,  140,  822. 

, ,  flat  fonn  of,  188. 

, y  theory  of,  140,  322. 

, ,  Oallaud's  gravity,  142, 148. 

» ,  Meidenger,  Minotto,  148. 

^  lead  sulphate,  161. 

,  LeolanoW,  manganeBe,  159. 

,  mercury  sulphate,  162. 

»  nitric  add,  Groves',  150. 

,  silver  chloride,  168. 

.  Slater's  iron,  158. 

,  Smee's  sUver,  132. 

J odds-and-ends,  134. 

Cement  for  glass,  Ac,  18. 

for  cells  and  wiiea,  188. 

G.G.S.  system,  227,  229. 
Chains  bad  for  oonduotors,  88. 
Charaotoristio  carve,  511. 

of  Burgin  dynamo,  513. 

Charge  (see  Induction),  53. 

,  analoey  to  magnetism,  468. 

,  distribution,  62. 

,  division  of,  80, 

,  residual*  80. 

,  supposed  on  the  earth,  448. 

,  theory  of,  fluid,  30. 

, ,  molecular,  31,  66. 

,  to  distinguish  +  and  — ,  19. 

Chemio  unit,  explained,  128w 

,  why  used,  225. 

,  value  of,  271,  324. 

Ohinmeys  and  lightning,  455. 
Chloride  of  ammonium,  161. 

,  dangerous  toelec<xt>lyse,  872. 

Chlorides,  peculiarities  of,  320. 
Circuit,  electric,  26,  28. 

,  each  cell  a  section  of,  128. 

,  formation  of,  89. 

. ,  inductive  and  conductive,  75,  76, 

,  illustrationB  of;  331. 

,  quantity  equal  at  all  parts  of, 

128. 
Circulation  in  cells,  225,  408. 
Clarke's  typical  dynamo  machine,  474. 
Cleaning  for  deposition,  389. 
Clouds,  state  of;  in  thunderstorm,  451. 
Coal,  work  value  of,  519. 
Coercive  force.  111. 
Coils,  induction  {see  Spark),  530. 

, ,  coupling  together,  540. 

^ ,  dimensions  for,  639. 

. , ,  disc  construction,  538. 

, ,  medical,  ,543. 

, ,  noted  ones,  542. 


Coils,  induction,  pocket  sixe,  545. 

, ,  used  with  telephone,  600, 

Colour,  nature  of,  550. 
Coloured  depoeite,  gold,  428. 

y  oxides,  683. 

Colouring  gold,  428. 
Colours  by  arc  light,  561. 
Combination,  chemical,  energy  of;  820. 
Combustion,  nature  of,  816. 
Commutator  (see  Connections),  167. 

f  double  contact  249. 

— ,  mercury  cup,  209. 

,  reversing,  541. 

Condensation,  69. 

Condenser,  action  of;  in  coils,  587. 

,  efleot  of,  on  oironit,  80. 

f  making,  52. 

Conduction,  nature  of;  461. 

in  liquids,  297. 

,  without  eleotrolysis,  878. 

of  heat,  301. 

Conducting  surftioe,  to  obtain,  898. 

system  for  house,  587. 

Conductivity  and  heat,  278. 

and  resistance,  272. 

,  measuring,  291. 

*  spedflc,  272, 

Conductor  (see  Lightning),  prime,  38. 

,  dual  aevelopment  in,  90. 

unit,  defined,  354. 

Conductors  (see  Wires),  Ust  of;  15. 

y  law  of  cost  of,  306. 

,  ratio  of  size  to  current,  804. 

Connections,  various,  627. 

,  brass  blocks,  288. 

,  care  in  arranging,  201. 

in  plating,  392,  412. 

Conservation  of  electrioify,  622. 
Constancy,  defined,  130. 

of  difiiorent  ceils,  168. 

Contact  and  chemical  theories,  827. 

,  force  disproved,  365. 

,  Sir  W.  Thomson's  experiments, 

330. 

,  theory  explained,  328. 

Contacts,  microphonic,  laws  of,  603. 
Convection  of  heat,  502. 

of  electricity,  378. 

Copper,  black  coating  on,  131. 

,  depositing  solutions,  414. 

, ,  rate  of,  417. 

,  efifect  on  sine,  E  M  F,  141. 

,  qualities  of,  417. 

wire,  table  of,  294,  295. 

Core,  coils,  530. 
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Gore,  iron  helix,  4G5. 

of  electro-magnets,  525. 

Cost  of  batteries,  142,  171. 

,  energy,  electrical,  521. 

^ ,  mechanical,  520,  521. 

,  light,  electric,  581. 

,  materials  used,  170. 

Cosmical  electricity,  444. 
Coulomb,  unit  of  quantity,  285. 
Coulomb-meters,  221. 
Counter  (see  Electromotive  force). 
Crith,  imit  of  volume,  224. 
Critical  points  and  allotropy,  611,621. 
Crompton-Burgiu  machine,  510. 
Crystallization,  water  of,  297. 
Current  (see  Density,  Intensity),  18. 

,  analogy,  hydraulic,  268. 

and  energy,  laws,  345,  358. 

and  resistance,  reciprocal,  258. 

as  spiral  rotation,  4)88. 

,  definitions  of,  256. 

,  electric  and  hydraulic,  difiference, 

257. 

,  extra,  465. 

equal  throughout  circuit,  why, 

357. 

from  Holz  and  Voss  machines,  46. 

,  heat  o^  236. 

,  in  dielectrics,  79. 

,  induced,  theory  of,  465. 

, ,  at  make  and  break,  why 

'  equal,  465. 

,  laws  of,  258,  267. 

,  magnetic  relation  of,  190,  526. 

,  square  of,  and  work,  344. 

,  tension  of,  256. 

J  units  of  {see  Ampfere,  Chemic). 

Currents,  chemical  values  of,  884. 
Cyanide  of  potassium,  417. 
Cyclones,  artificial,  448. 


Daniell  (see  Cells). 
Decomposition  cell,  actions  in,  368. 

a  conden;$er,  867. 

Density,  56. 

and  surface,  64. 

of  current,  130,  404. 

,  effects  of,  256. 

,  unit  of,  405. 

of  energy,  552,  558. 

Deposit,  rate  of,  406. 
Deposited  metal,  characters  of,  401. 
Dftrived  circuits,  laws  of,  278. 
Diamagnetism,  113. 


Dielectrics,  current  in,  79. 

,  definition  of,  15. 

y  properties  of,  78;  table,  81. 

see  (Leakage,  Soakage^  SkreU). 

Dimensions,  230. 

,  table  of,  231. 

,  formulsB  of,  264. 

Discharge  (see  SparkX  83. 

,  experiments  on,  45. 

,  brush  and  star,  84. 

Disci  larger,  universal,  541. 
Dissimulated  electricity,  71. 
Dissociation,  879. 
Distance  and  force,  law  of,  54,  58. 

^  magnet  and  armature,  103. 

,  in  depositing,  409. 

Distillation,  destructive,  373. 
Distribution,  electric,  62. 

ofUght,557. 

Dry  piles,  50. 

DuiU  nature  of  electricity,  82,  87. 

— of  magnetism,  524. 

Dynamo  machines  (see  Nsimes  of),  473. 

,  alternating  and  direct,  503. 

,  classification  of,  503. 

J  compound  shunt  and  series,  509. 

,  efficiency  of,  613. 

^,EMFof,  507,509. 

, f  constant,  509. 

, ,  sources  of,  497. 

,  energy,  distribution  of,  in,  50si 

,  evolution  of  the,  478. 

^  history  of^  473. 

,  resistances  of  parts,  508,  510. 

,  size,  effect  of,  506. 

,  speed,  effect  of,  470,  507. 

(see  Armature,  Field  Magnets). 

Dyne,  unit  offeree,  227,  230. 
and  ergt  equal  energy,  260. 

E. 

Earth,  the,  a  magnet,  107. 

,  battery,  165. 

,  capacity  of,  235. 

charge,  imaginary,  235,  44S> 

,  circuit,  nature  of,  299. 

,  currents,  441. 

J  meaning  of  connecting  toi,  S3, 3^ 

f  not  a  reservoir,  23,  35. 

,  plate,  455. 

^.testing,  457. 

Ebonite,  82. 

,  protecting,  36. 

,  transmits  heat,  614. 

,  tubes,  to  make,  532. 
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Edison's  dynamo  machine,  502. 
Electricity  and  mechanics,  352. 

,  nature  of  (see  Dual),  16. 

,  new  source  of,  617. 

,  not  convertible  to  heat,  &c.,  12, 

218. 

,  specific  heat  of,  621. 

,  two  conceptions  blended  in,  12, 

459. 
Electrics  and  non-electrics,  15,  27. 
Electrodes,  effect  of  size,  879. 
— »,  ions  accumulate  at,  369. 

, ,  selection  of,  at,  371. 

,  liquid  sur&ces  as,  369. 

Electrolysis,  356. 

,  analogy  to  distillatioQ,  378. 

,  chemical  work  of,  367,  383. 

, affinity  not  suspended  in, 

369. 

,  diagram  of  action,  175,  859. 

,  din^t  and  secondary,  370. 

,  energy  absorbed  in,  376. 

,  examples  of,  375. 

1  experimental  apparatus,  382. 

,  laws  of,  Faraday's,  359. 

,  law,  fundamental,  373. 

,  terms  of,  356. 

,  theories  of,  329. 

,  work  done  in,  383. 

Electrolytes,  definitions  of,  377. 

in  derived  circuits,  375. 

,  mixed,  action  on,  374. 

need  diflferent  E  M  F,  374. 

,  solids  are  not,  359,  461. 

, ,  until  fused,  359. 

(see  E  M  F,  Counter,  Water). 

Electro-magnetism    (see   Magnetism), 

467. 
Electro-metallurgy  (see  Electrolysis), 

386. 

y  anodes,  test  working  in,  424. 

,  arrangement  of  objects,  407. 

,  E  M  F  required  in,  402. 

,  laws  o^  400. 

,  preparing  obiects  for,  388. 

Electro-meters,  balance,  49. 

,  torsion,  48, 

,  quadrant,  47, 48. 

, ,  Thomson's,  311. 

,  measure  potential,  56. 

of  own  circuit  only,  65. 

Electromotive  force,  128. 

apparatus,  experimental,  811. 

,cnemioal  affinity  and,  342. 

heat,  effect  on,  141. 


Electromotive   force,  intrinsic  energy 

and,  323. 

is  a  form  of  energy,  259,  351. 

energy,  square  root  of,  264. 

,  id  it  a  force  ?  259. 

,  measurement  of,  308. 

of  ceUs,  table,  336. 

independent  of  size,   127, 

128. 

of  +  and  -  metals,  340. 

,  metals  in  H^SO^,  339. 

J in  solution,  369. 

of  nitric  acid  cells,  337. 

,  origin  of,  in  cells,  117, 173. 

,  unit  of,  the  Volt,  230. 

EMFootm^,  176,369. 

,  action  o^  365. 

as  a  resistance,  276. 

,  electrolytic  work  as,  369. 

induced,  276. 

Eleotrophorus,  action  of,  80. 

,  making,  16,  29. 

Electroscope,  gold  leaf,  18. 

,  condensing  action,  71. 

,  Bohnenberger's,  49. 

,  pith  ball,  21. 

Electrotype,  387. 
Elements,  2;  table  of,  819. 
Endosmose,  electric,  136. 
Energy  (<m  E  M  F,  Transmission). 

,  atomic  relations  of,  120. 

,  capacity  for,  613. 

,  conservation  of,  11. 

,  cost  of  (see  Cost). 

,  definition  of,  11. 

,  density  of,  in  light,  558,  560. 

— ,   different,   conveyed   by    equal 

currents,  306. 

,  fixed  and  fluctuating,  312. 

,  intrinsic  or  specific,  318,  315. 

y ,  of  elements,  table,  319. 

y  potential,  of  stress  and  position, 

261. 

, ',  relation  to  force,  265. 

,  relation  to  matter,  312. 

, to  force,  263. 

,  unit  of,  the  Erg,  228. 

, of.  Joule  or  Joulad,  235. 

Engines  (see  Energy,  Motors). 
Equipotential  lines,  89. 
Equivalent,  630. 

,  electric,  324,  365. 

notation,  8. 

of  electricity,  meaning,  318. 

Equivolt,  unit  of  energy,  324,  326. 
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Eqnivoli,  unit  of  energy,  on  gramme 
system,  848* 

, ,  why  used,  825. 

£rg,  the  unit  of  work,  228,  629. 

^  defect  of,  327. 

Ergten,  228,  630. 

Ether,  the,  replaces  old  fluids,  8. 

,  theories,  danger  o£,  24. 

Evaporation  and  electricity,  447. 
Erolntion,  theory,  477. 


Falling  bodies,  laws  of,  262. 
Farad,  the  nnit  of  capacity,  235. 
Faraday,  on  force  of  lightning,  457. 
Ferranti,  dynamo  maohuie,  502. 
Field  of  force,  action  in,  482. 

,  magnetic,  99. 

, displacement,  473. 

,  mechanical  imitations  of^  102. 

,  resistance  to  CToesing,  471. 

magnets,  forms  of;  489. 

,  displacement  of  poles  of,  491. 

,  laws  of,  503. 

Flames  and  discharge,  46. 

,  temperatures  of,  558. 

Fluid  theories,  28. 

,  absurdities  of,  26. 

Fluorescence,  551. 
Foot-pound,  value  in  ergs,  228. 
Force  (m«  E  M  F,  Mechanico-motive). 

,  definition  of,  9,  259. 

,  general  views  of,  57,  260. 

,  lines  and  rings  of  (a*e  Field),  486. 

,  static  and  dynamic,  260. 

,  units  of  (m9  Dyne),  meaning  of, 

268. 
Forces,  relation  to  matter,  120. 
Foucault  currents,  494. 
Friction,  how  it  produces  eleotridty,  27. 
Friotional  machines,  86. 
Fuel,  energy  of,  519. 
Fumes  in  batteries,  to  avoid,  168. 
Fusion  and  eleotridty,  221. 
points,  table  of,  219. 

G. 

^,  symbol  of  gravitv,  268. 
Galvanometer  ^sse  NeedlesX  190, 195. 

,  constant  of,  628. 

^  correction  for  earth's  magnetism, 

199. 
,  deflections,  valuing,  198, 201,  217. 


Galvanometer,  diilBrential,  211. 

f  graduation,  curves  of,  206. 

, for  depositing,  SSSk 

potential  or  E MF,  282. 

,  resistance  indicating.  207. 

, of,  to  measure,  282. 

, proper,  214. 

^  sine,  208. 

,  Bprague's  nniv^nal,  208L 

, .  rough  form  o^  208w 

^  stand  for,  195. 

suited  to  bridge  wodc,  24& 

,  tangent,  200. 

, y  laws  of,  201. 

-^— ,  Thomson's  reflector,  212. 

,  vertical,  210. 

,  wires  of,  influenoe  of  podtks. 

204. 
Gas,  as  fuel,  520. 

,  energy  of,  520. 

^,  light  from,  554. 

1  the  share  panic,  558. 

,  volume  and  valency,  861. 

,  laws  of,  364. 

Gases,  abeorption  heat  o^  320. 

,  E  M  F  of  oocluflion,  618. 

y  relation  o^  to  energy,  613^ 

,  secondary  battery,  loss  oi;  ISl 

;mdi  volume  of,  217. 

Gasification,  latent  energy  of;  335. 
Gauge  (Mtf  Wires). 
Gauss,  the  unit  magnetic  field.  109. 
German  silver  (see  Wires),  296. 
^,  when  to  be  used  in  galvuo- 

meters,  214. 
Gilding  (see  Colour),  426L 
Glass,  qualities  of;  36,  82. 

,  absorption  of  light  by,  555. 

,  moisture  on,  18. 

Glue,  marine,  895. 
Gordon's  dynamo  machine,  502. 
Gowev's  transmitter,  605. 
Gramme  dynamo  machine,  49S. 
armature  ($ee  Azmatan^  Binf  > 

498. 

,  principles  o^  494. 

Gravitation    and    electric    ehaigca 

445. 

y  nature  o^  261. 

Gravity,  force  of;  227, 263. 

,  law  of;  228 ;  table,  263. 

,  symbol  g,  value  of,  268. 

,  spedfio,  table  of,  219. 

Gutta-percha,  82. 
-_  «_  moulds,  394. 
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H,  magnetic  aymbol,  199. 
Head  of  water,  264. 

,  compared  to  potential^  264. 

,  square  root  of,  law,  264. 

Heat,  atomic  and  moleonlar,  570  (see 

Eneigy,  £  M  F,  Besistanoe). 
— ,  convection  of,  802. 

,  diBsipation  of,  800,  802. 

,  elBkots  in  batteries,  155. 

in  wires,  219. 

f  mechanical  equivalent  of,  313. 

, work  of,  Favre,  277. 

of  cnnrent,  236. 

of  solution,  321. 

rays  converted  to  light,  565. 

,  relation  of,  to  matter,  10. 

,  specific,  219, 285. 

Helices»  right  and  left  handed,  466, 

485.  ' 

,  theoiy  of  action,  485. 

Holz  maohme,  47. 
Homologous  series,  477. 
Ho{)kin8on's  dynamo,  502. 
Horizontal  intensity,  earth,  108. 

,  H,  valne  of,  199. 

Horse-power,  meaning  of,  519,  631. 
Hughes  on  molecular  state  of  steel. 

Hydraulic     analogies    (see    Ourrent, 

laws,  why  different  from  electri- 
cal, 350. 
Hydrochloric  acid,  126. 

,  use  in  batteries,  146, 148. 

,  electrolysis  o£,  872. 

Hydrogen  a  metal,  115. 
,  unit  Tdnme  of,  217. 


Incandescent  lighting,  570. 

,  advantages  of,  579. 

lamps,  carbon  first  used  in,  574. 

,  form  and  sources  of,  575. 

y  duration  of,  579. 

,  early,  572. 

y  efiSciency  of;  577. 

,  energy  per  candle,  578. 

Inch,  cubic,  of  water,  ftc,  217, 288. 
Independent  (see  Interdependence). 
Index,  notation,  228. 
Induced  charge,  66. 

cylinders,  68. 

currents  (see  Gunents),  465. 


Induction  and  charge,  53. 

and  energy,  67. 

,  effect  on  telephones,  601,  602. 

,  polar,  88. 

f i  is  dual,  91. 

balance,  Hughes',  615. 

machines,  39. 

9  theory  of,  40,  44. 

Inductive  circuity  76. 

action  of  currents,  462, 484, 

Induotophone,  W.  Smith's,  614. 
Inserts,  depositing  on,  398. 
Insulation  of  coils,  5^. 
Insulating  materials,  82. 

,  spec  resistance  of,  298. 

stand  and  holder,  17. 

Insulite,  98. 

Intensity  (see  Magnet)  of  ouixent,  226, 

256.  ,  ■  ^ 

Interdependence  of  all  things,    481, 

Ions,  classification  of;  120. 

not  transferred,  369,  381. 

Iron,  amalgamating,  428. 

1  depositing,  432, 

, copper  on,  435. 

y sUver  on,  421. 

in  batteries,  bad,  151. 

,  magnets  of  cast,  106. 

wire,  data  of,  296. 

i  why  bad  for  conductors, 

301. 


Jars  (see  Leyden,  Porous). 

Joule  or  Joulad,  unit  of  energy,  235, 

,  as  unit  of  EM  F,  854. 


Ladd's  dynamo  machine,  476. 
Law,  meaning  of,  in  science,  29. 
Lamps  (see  Arc,  Incandescent). 
Lead  sulphate,  reduction  o^  179. 
y   thickness   for   secondary   cell, 

Leads  (see  Conductors,  Wires). 
Leakage  in  dielectrics,  79,  463. 
Lens's  law  of  induction,  466. 
Leyden  jar,  51,  74. 
light  (see  Distribution,  Photometry). 

,  all  sources  identical,  559. 

,  an  octave  of  wave-length,  551. 

and  electricity,  same  velocity,  87. 
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Light,  Clerk  Maxwell's  theory  of,  445. 
-^— ,  effect  on  reobstance,  274. 

,  energy  is  the  source  of,  559. 

•  has  no  actnal  existence,  548. 

,  mechanical  equivalent,  552. 

t  nature  of,  549. 

,  refractiye  index  and  dielectrics, 
78. 

,  units  of,  candles,  555. 

,  why  electricity  produces,  553. 

,  electric  (aee  Arc,  Incandescent). 
— ,  cost  of,  577,  580. 
— ,  energy  in,  577. 
— ,  history  of,  558. 

^    ratio    to    ounent    and 

eneigy,  580. 
Lightning  affeots  magnets,  107. 

ball,  450. 

,  cause  of,  striking,  449. 

covers  a  large  area,  452. 

conductors,  principles,  454. 

J  earths  for,  455. 

^  not  to  be  insulated,  456. 

,  tesdng,  457. 

,  death  by,  painless,  453. 

,  distance  of,  451. 

,  E  M  F  of,  86. 

,  energy  in  water  and,  457. 

flash,  length  and   duration   of, 

451. 

,  lateral  discharge  of,  453. 

,  light  of,  452. 

,  marks  caused  by,  453. 

,  sheet.  449. 

Lines  and  rings  of  force,  486. 

of  force,  cutting,  470. 

Liquids,  law  of  conduction  in,  297. 

,  resistance  of,  table,  298. 

, i  apparatus  for  measniing, 

299. 
Local  action,  124. 

Lodge,  Dr.  O.,  on  electric  ohaige,  21. 
Logarithms,  value  of,  287. 


Machines,  friction,  86. 

,  induction,  Voss,  41. 

, ,  Wimshurst,  618. 

Magnetic  attraction,  101, 103. 

capacity.  111,  527. 

of  various  irons,  110,  527. 

■  curve,  r 


dip,  1U8. 

field,  94,  468  (see  Field). 


Magnetic  field,  unit*  the  Gaoas.  109 

induction,  greatest  at   mid. 

468. 

—  intensity  (see  Horizontal),  5r 

,  changes  of  strength^  107 

moment,  119. 

needles  (see  Needles). 

rings  around  condactoTB,  484, 

(see  Poles,  Satmatioii). 

storms,  112,  442. 

J  theory,  Ampere's,  97. 

, ,  molecular,  98. 

variation,  107, 199. 

work  as  resistance,  277,  539. 

Magnetisation  prooesBes,  104. 

for  needles,  191. 

Magnetism,  analogy  to  chazge,  46S. 

a  static  force,  95. 

at  right  angles  to  electrtatr.  91 

483. 

effect  of  distance,  93. 

of  heat,  107. 

intervening  bodies,  98. 

f  teirestrial,  107. 

, ,  Prof.  Ayrton  and  Pern  • 

theory,  443. 
Magnets  and  currents,  95,  467,  482. 
— ,  affected  by  heat  and  lightniu: 

,  bar  and  horseshoe,  relatkm,  47S. 

,  form  and  constraction,  106L 

,  iron,  cast,  for,  106. 

,  Jamin's,  106. 

,  lifting  power  of,  525,  5587. 

— ,  molecular  oonsteuctioii  cf,  94. 

,  preservation  of,  106. 

,  steel,  qualities  fer,  105. 

,  electro,  523. 

J ,  formuliB  of,  529. 

, 1  wires  for,  siae  of,  528. 

,  — ,  work  of,  laws,  528. 

Magnetophone,  609. 
Materials,  cost  of,  table,  170. 
Mathematical  proofS^  443. 
Matter,  1. 
Measurement,  190. 

by  chemical  voltameteis,  215. 

by  heat  calorimeters,  218. 

bv  magnetic  galvanomet^s,  19a 

1  the  atom,  nature's  unit  of,  224. 

Mechanical  equivalent  of  heat,  313. 

f  none  possible  of  light,  552. 

Mechanico-motive  force,  260,  S65. 
Medical  action  of  coils,  545. 
Meg,  meaning  as  affix,  229. 
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Metals,  to  dissolve  away,  392. 
Melting-points  of  metaU,  219. 
•    Mercury,  connection  to  zincs,  130. 

,  contact  breaker,  536. 

,  cups  and  connections,  167. 

,  economy  in  use  of,  124. 

Meriten's  dynamo-niachine,  480. 
Meters  fdr  electricity,  221. 
Micro,  meaning  of  affix,  229. 

farad  of  capacity,  235. 

Microphone,  Hughes',  602. 
Microtaslmeter,  Edison's,  617. 
Molecular  chain,  333. 

and  EM  F,  850. 

motion,  Tyndall  on,  25. 

order  due  to  sum  of  forces,  482. 

theory  of  electricity,  24. 

types,  5, 122. 

Molecules,  4. 

,  classes  of,  8. 

,  solar  system  compared  to,  8. 

,  typical  construction  of,  122. 

Moment  (see  Magnetism),  109. 
Momentum,  263. 

Moon  and  earth's  magnetism,  442. 
Motion,  effect  of,  in  depoidting,  412. 
Motograph,  Edison's,  586. 
Motors,  electro-magnetic,  514. 

,  cost  of  work  by,  518,  521. 

,  efficiency  of,  517. 

,  various  makers  of,  492,  515. 

Moulds,  elastic,  397. 

,  fusible  metal,  393. 

y  plaster  and  compoaition,  393. 

Musical  instruments,  e^tric,  585. 
notes,  nature  of,  549,  612. 


N. 

Nasoent  actions,  372. 
Needles  for  galvanometers,  191. 

,  magnetising,  191. 

,  mounting  of,  192. 

,  shape  of,  193. 

,  strength  of,  and  deflections,  194. 

,  swings  of,  law,  193. 

Negative  plate,  actions  at,  334,  341. 

Nickel  plating,  429. 

Nitric  acid,  electrolysis  of,  145. 

,  strengths  of,  145. 

-,  effect  on  EM  F,  837. 


Nitrogen,  chloride  of,  373. 
Notation,  chemical,  8. 
,  index,  228. 


Occlusion  of  gases,  173, 174, 184. 

,  EM  F  of,  618. 

Ohm,  the,  unit  of  resistance,  232. 

,  different  values  for,  233. 

standard,  suggested  form,  234. 

Ohm's  formulsd  and  laws,  234, 257, 633. 

as  related  to  mechanics,  266. 

to  energy,  266,  354. 

square  root  of  energy, 

266. 
Organ,  electric,  585. 
Osmose,  633. 

Oxidants,  action  of,  in  cells,  337. 
Ozokerit,  82. 
Ozone,  nature  of,  362. 

produced  by  m&chines,  36. 

_ in  electrolysis,  378. 

in  secondary  cells,  184. 

P. 

Pacinotti's  ring,  476. 
Pail  experiment,  Faradav's,  66. 
Palladium  absorbing  hydrogen,  173. 
Paraffin,  many  uses  of,  83. 

,  tendency  to  crack,  83. 

,  wood  saturated  with,  18. 

Peltier  effect,  634. 
Pendulum,  law  of,  193,  548. 
Peroxides,  depositing,  383. 
Phlogiston  and  potential  energy,  11, 

316. 
Phonautograph,  Bcotfs,  591. 
Phonograph,  Edison's,  591. 
Photometiy,  555. 
Photophony,  direct,  612. 

,  electrical,  609. 

Phototelegraphy,  615. 

Physical  state  and  energy,  116,  312. 

Pipes,  water,  resistanoe  of,  266. 

Plaster  of  Paris,  395. 

Plants  and  secondary  batteries,  177. 

Platinized  silver,  133. 

,  EMFof,  340. 

Platinum,  chloride,  making,  433. 

,  depositing,  433. 

Plumbago,  for  eleotrotyping,  399. 
Points,  action  of,  63. 
Polar  iuduction,  dual,  91. 

,  introversion,  Du  Moncel's,  497. 

Polarization,  electric,  nature  of^  25. 

, and  magnetic,  difference,  92. 

,  in  Daniell,  and  coppering,  141, 
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Polarization  of  plates,  ao-called,  868, 

634. 

set  up  at  +  metal,  368. 

Poles  and  plates,  distiaction,  6,  118, 

175. 

,  consequent,  111. 

,  electric,  actions  at  -f-  and  — ,  84. 

— — ,  magnetic,  unit,  109. 

, ,  position  of,  107. 

, ^ ,  not  fixed,  109. 

y  not  necessarily  equal*  524. 

Poroos  jars,  135. 

,  resistance  oU  297. 

Position  of  objects,  407. 

Positive  and  —  electricity,  unlike,  84. 

metals,  E  M  F  of;  889. 

Potential,  definitions  of,  59. 

y ,  as  squaze  root  of  force,  60, 

265. 

— ,  as  pressure,  60,  246. 

— , y  as  units  of  force  concentrated 

on  a  unit  quantity,  265. 

,  distribution  of,  in  droait,  244. 

,  mysteries  of,  61. 

— -  of  the  atmosphere,  446. 

, ,  origin  o^  447. 

,  relation  of,  to  E  M  F,  61. 

, ,  to  energy,  265. 

, 1  to  sqoare  root  of  energy,  60, 

265. 
Potentiometer,  Clark's,  809. 
Powders,  effect  of  heating,  395. 
Power  (.see  HorseX  Watt  unit,  236. 
Pressure,  eleotrio  =  potential,  244. 

stops  electrolysis  of  water,  878. 

Proof  plane,  80. 
Poshes,  589. 

Q. 

Quantity,  electro-dynamic^  122, 169. 

,  electrostatic,  12,  54. 

, ,  has  no  existence,  55, 

,  the  coulomb  unit  of^  285. 

,  magnetic,  109. 

Quantities,  the  two,  in  electricity,  12, 
850,  459. 

B. 

Radicals  {tee  Ions),  claasiflcation,  122. 
Radiant  energy,  actions  of,  608. 
Radiometer,  Orooke's,  609. 
Radiophony,  607. 

Rain,  why  it  attends  lightning,  448. 
Reciprocals,  220. 


Repulsion    (tee    Attraotloii),    experi- 
ments, 22. 

f  Qerk  Maxwell  on,  20. 

1  laws  o^  54. 

,  theory  oi,  67. 

RepulsiTO  force,  none  in  nators^  57. 
Residoal  charge,  80. 
Resistance  as  a  Telodty,  275. 

^  electrical,  so-called,  129. 

, ,  18  reciprocal  of  condnetiQg 

capacity  of  the  oiroutt,  267,  274. 
, , of  time  of  outqasa- 

tity,  352. 

, ,  laws  of;  275. 

y y  modes  of  meararing,  2481 

i ,  specific,  peroub.  cent,  272, 

283. 

, i  temperature,  effeots  on,  273. 

, f  unit  of,  the  ohm,  2SL 

, ,  work  aotinff  aa,  2l7i,  589. 

,  — *,  why  equal  te  all  ooifeDtii 

267. 

,  true,  means  work,  267. 

y ,  how  represented  in  oh* 

354. 

instruments,  287. 

f  coils,  285. 

,  decimal,  239. 

and  bridge,  290. 

y  variable,  constmofcion  oC  SM- 

Resistances,  conaeoutiTe^  and  in  aie, 

278 

of  batteries,  to  meaaon,  281. 

of  carbon,  JB8. 

of  dieleotRs,  78. 

of  galvanometers,  &&,  a  loss,  21i 

,  law  of  proper,  214, 528. 

of  liquids,  table,  298. 

,  apparatus  toot  measoriBg. 

800. 

of  metals,  table,  283  (tee  Wiici> 

in  electro-metallurgy,  403l 

y  regulator  for,  404. 

Retardation,  80,  463,  636. 
ReTersal  of  batteries,  172. 
Reversing  commutator,  541. 
Rotation  of  molecules,  461. 


Sal-ammoniac,  electrolysis,  160,  871 
Bait,  action  of,  in  eeUs,  888. 

,  electrolysis  of,  389. 

Salts,  theory  of,  817. 
Secondary  batteries,  172. 
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Secondary  batteriee,  aoid  space  for,  182. 

,  GODBtraction,  181. 

— ^ ,  essential  action  of,  179. 

,  formation,  178. 

, ,  time  of,  180. 

,  gases,  loss  of,  in,  183. 

,  metaUio  solutions  in,  187. 

,  proper  uses  for,  176. 

,  work  capacity  of,  189. 

— ,  working  detiuls,  188. 

,  Brush's,  178. 

,  Faure's,  185. 

y  Plant^'s,  177. 

,  Sutton's,  187. 

Secondary  wire  in  coils,  583. 

Selenium  and  light,  274,  609. 

,  theories  of  action,  610. 

,  cell  construction,  610. 

Scales  for  reflectors,  213. 

Science,  ancient  and  modern,  198. 

Shellac,  83. 

,  solution,  a  conductor,  83. 

Ships,  action  of,  on  wind,  450. 
Shunts,  law  of,  279. 
Siemens'  core,  491. 

,  dynamo  machine,  498. 

Silver,  depositing,  420. 

,  briffht  deposit,  424. 

,  to  dissolve  off;  392. 

Sine  galvanometer,  203. 
Sines,  laws  of,  197. 

Smee*s  laws  of  electro-metallurgy,  401. 
Soakage  in  dielectrics,  79. 
Soldering  wires,  547. 
Solubility  of  salts,  413. 
Solution,  +  and  -  heat  of,  321. 
Solutions,  depositing,  strength  of;  401. 
406. 

, ,  quality  of,  413. 

, 1  spoilt,  to  recover,  405. 

Sonometer,  Hughes*,  616. 
Sound,  nature  of;  549,  608. 

,  signals  given  by,  612. 

Sounds  produced  by  heat,  612. 
Spark   (see  Discharge)  coils,  law   of, 
540. 

,  duration  of,  36,  45. 

,  qualities  of,  85. 

,  spectrum  of,  85. 

Spectrum,  the,  550. 

,  gradual  growth  of,  552. 

Spiral  rotation  of  current,  488. 

,  theory  of  magnetism,  98. 

Sphere  («w  GapacityX  enclosed,  72. 
Stand,  insulating,  17. 


Stand,  rotating,  for  galvanometers,  195. 
Static  electrici^  a  misnomer,  15. 

-^ and  heat,  relations,  14. 

Steel,  magnetic  qualities  of,  527. 

— ~  suited  for  magnets,  105. 

testing   by  magnetism,  Hughes, 

99. 
Stopping  off,  varnishes,  &c.,  400. 
Stress  in  dielectrics,  31. 
— ,  breaking  down  limit,  79. 
Stroh's  experiments,  103. 
Substitution,  atomic,  6. 

,  specific  energy  of,  322. 

Sulphuretted  hydrogen  from  paraflin, 

83. 
Sulphuric  acid,  strength,  &c.,  126. 
Sun  lamp,  568. 
Surfaces,  action  of,  83. 

and  electric  distribution,  62. 

,  to  make  conducting,  399. 

Swings  of  needle,  193. 
Switches  (tee  Commutator),  590. 

T. 

Tangent  galvanometer,  200. 

,  scale  and  law  of,  197. 

Telegraphy,  583. 

Telephone  (see  Transmitters),  594. 

Bell's,  construction,  57. 

,  current  required,  596. 

y  Dolbear's,  601. 

,  distance  used  over,  605. 

,  history  of,  594. 

,  induction  coils,  use  with,  600. 

y ,  static,  in,  598. 

9  system  and  circuit,  606. 

Temperature  (see  Wires)  and  current, 

304. 

,  correction  for,  284. 

corresponds  to  wave  lengths,  552. 

,  table  of  degrees  of,  553. 

Tension,  different  views  of,  58. 

in  electro-metallurgy,  405. 

Terreslxial  magnetism,  1U7. 
Thermo-chemistry.  313. 
—  electricity,  620. 

piles,  Clamond,  Noe,  622. 

Thermophone,  613. 
Thomson,  effect,  621. 
Thunderstorm,  phenomena  of,  449. 
Torsion,  laws  of,  49. 
Transmission  of  energy,  522. 
by  electricity  and  water, 

307. 
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TranamiBsion  of  energy,  high  EMF, 

gain,  307,  523. 
Tranfflnitters,    antomatio   telegraphic, 

584. 

,  photophonic,  612. 

,  radiophonic,  608. 

,  telephonic,  599,  602. 

,  telephotographic,  615. 

Trigonometry,  terms  of,  197. 
Types,  molecular,  5. 

U. 

Unipolar  actions,  supposed,  90. 
Unit  jar,  50. 

^  natural,  and  system,  224. 

Units,  ahsolute,  226,  231. 

,  B.A.  system,  practical,  225. 

,  C.aS.  system,  227,  229. 

,  electrical    static  and  magnetic, 

229,  636. 

,  relations  among,  232,  314. 

,  tahle,  relations  of  electrical,  239. 

— , ,  general  conyersion  of,  825. 

V. 

V  ratio,  and  velocity  of  light.  230. 
Vacuum  tube  experimentd,  91. 
Valency,  3. 

explained,  360. 

,  changes  of,  361. 

Vapour  in  air  stores  energy,  448. 
Variation  of  compass,  109,  199. 
Varley    and   accumulation   principle, 

40. 
Varnish,  electric,  18. 
Velocity  of  electricity,  87. 

and  light,  230. 

Vision,  persistence  of,  45,  451. 
Vis  viva.  227. 
Voss  machine,  41. 

— — ,  current  fix)m,  46. 

Volt,  unit  of  EMF,  230. 

,  possible  standard,  232. 

,  static  pressure,  323. 

Voltameters,  216. 

,  battery  cells  as,  134, 138. 

Volt-ampere,  236. 

hour,  237. 

Volume,  atomic  and  molecular,  571. 
Vulcanised  fibre,  83. 


W. 

Walls,  charge  on,  66. 

, ,  density  of;  66. 

,  function  of,  in  electricity,  83. 

Water,  electrolysis,    EMF  for,  8«, 

^ ' ,  supposed  cases  of,  377, 378. 

.1—,  ^— ,  under  pressure,  878. 

is  not  an  electrolyte,  377. 

,  molecular  oonstructiou  of;  7. 

,  weight  oC  cubic  inoh,  288. 

,  supposed  eneiigy  stored  in,  458. 

Waterspouts,  448. 

Watt,  the  unit  of  power,  236. 

Weber  unit  magnetic  pole,  109. 

Wheatstone*s  {see  Bridge)  lyre,  608. 

Whirl,  electric,  64. 

Wilde's  dynamo-machine,  472, 475. 

Wimshursf  s  machiue,  618. 

Winter's  ring,  38.  ,      .  «« 

Wires,  constants  and  formuue  of,  3^. 

Vcopper,  data  of^  291;  teWie.294. 

,  cost  of,  proper  ratio,  305. 

,  dimensions  of,  285. 

,  gauges  of,  286,  307. 

,  German  silver,  data,  296. 

^ ^  sizee  for  resistances,  241. 

,  hardness  and  oonductivity,  273. 

,  heat  developed  in,  219, 300, 

,  management  of,  546. 

,  platinum,  heat  in,  220. 

^   quantity  on   electro  -  magneU, 

528. 

,  relation  of,  to  covering,  529. 

,  safe  current  in,  302,  304. 

,  weight  per  mil-foot,  288. 

Wood,  to  make  insulating,  18.  ' 
Work  (see  Energy,  Resistanoe). 

,  internal  molecular,  10,  364. 

,  reduces  current,  276,  539. 

«— -,  units  of  (m0  Erg,  Joulad). 
,  is  as  square  of  cunent,  344. 

Z. 

Zinc,  deposit  on,  plate,  126. 

^,  EMF  of,  334. 

, effect  of  copper  on»  141. 

for  batteries,  125. 

in  acids,  action  of,  115. 

— — ^  potential  eneigy  of,  315. 
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ELECTKICITY: 

ITS  THEOEY,  SOUECES,   AND  APPLICATIONS. 
By  JOHN  T.  SPBAGUE, 

MIIUBB  or  THZ  80CISTT  OT  TIUOBAFB  KKOXirKCBS  AHD  BLIOTBICIAXB. 

OPINIOKS  OF  THB  PBB8S. 

''It  is  quite  refreshing  to  read  a  really  new  book  on  electricity  .  .  . 
remarkably  clear  and  explicit  .  .  .  giyes  sound,  clear,  and  very  practical 
directions  for  the  manipulation  of  instruments.  .  .  .  Electric  measurements 
of  all  kinds  complete  a  decided  addition  to  our  electric  literature." — T^egraphic 
Journal, 

*'  Contains  the  fullest  and  most  exhaustive  description  of  the  various  forms 
of  battery  yet  published.  The  tables  giving  the  work  and  constancy  of  cells, 
and  especially  the  relative  working  cost  of  the  different  batteries,  will  be 
found  of  the  greatest  use  to  the  student  of  electric  scienoe.  The  chapter  on 
Electro-Metallurgy  .  .  .  the  very  clearest  and  most  complete  exposition  of 
the  subject." — Engliah  Mechanic, 

''The  author  has  evidently  been  at  no  little  pains  to  ooUect  the  numerous 
tables  he  gives.  .  .  .  There  is  also  a  freshness  and  originality  in  the  treat- 
ment of  the  sections  on  resistance  and  electromotive  ioxee,"^  Nature, 

"  There  is  one  thing  which  strikes  the  reader  of  this  book  at  once,  and 
more  so  still  as  he  proceeds ;  it  is  the  enthusiasm  of  Mr.  Sprague's  teaching. 
.  .  .  Mr.  Sprague  has  kept  his  views  and  explanations  thoroughly  well  up 
with  the  time,  and  the  student  who  has  mastered  his  work  will  have  no  diffi- 
culty to  follow  well  the  progress  of  new  discovery  and  any  future  extension 
of  theories." — Westminster  Eemevo, 

"  Mr.  Spragnie  gets  through  the  whole  of  his  book  without  any  obvious 
effort  to  exhibit  his  own  cleverness;  and  the  student  is  consequently  pre- 
sented directly  to  the  subject,  and  thereby  obtains  much  information  from 
few  words.** — Iron, 

^'The  book  bears  evidence  of  much  thought.  ...  It  is  often  eminently 
suggestive. '*'-Qiiar<«r/2^  Jowmai  of  Soiende, 

"  This  author  possesses  the  enviable  faculty  of  making  his  expositions  of 
electrical  phenomena  and  principles  clear  and  intelligible,  and  he  often 
suggests  new  and  valuable  thoughts  by  his  original  way  of  handling  his 
subject.'*— ^^M^rioa/  WoHd  (American). 

"  The  principles  of  the  science,  and  the  operations  of  its  laws  are  given 
with  a  perspicuity  and  fnUness  of  exposition  rarely  to  be  met  with.  It  is  not 
too  much  to  say  that  the  laws  of  the  correlation  of  the  forces  are  here  worked 
out  in  a  manner  exceptionally  impressed  with  originality.  .  .  .  The  work  is 
pregnant  of  valuable  thought  and  should  be  read  by  all  who  seek  to  get  a  firm 
grasp  upon  the  fundamental  prinoiples  of  the  science.** — Profeeeor  T,  Boberts^ 
University  of  South  Carolina^ 
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A  Pocket- Book  for  Chemists,  Chemical  Manufacturers, 

Metallurgists^  Dyers,  Distillers^  Brewers^  Sugar  Refiners^  Photographers, 
Students,  etc,,  etc.  By  Thomas  Baylky,  Assoc  R.C.  Sc.  Ireland,  Ana- 
lytical  and  Consulting  Chemist  and  Assayer.  Third  edition,  with 
additions,  437  pp.,  royal  32mo,  roan,  gilt  edges,  5j. 

Synopsis  of  Contents  : 

Atomic  Weights  and  Factors— Useful  Data — Chemical  Calculations— Rules  for  Indirect 
Analysis— Weights  and  Measures — Thermometers  and  Barometers— Chemical  Physics •» 
Hoiling  Points,  etc. — Solubility  of  Substances— Methods  of  Obtaining  Specific  Gravity— Con- 
version  of  Hydrometers — Strength  of  Solutions  by  Specific  Gravity^— Analysis— Gas  Analysis- 
Water  Analysis— Qualitative  Analysis  and  Reactions— Volumetric  Anidysis— Manipulation- 
Mineralogy  —  Assaying — Alcohol  —  Beer  —  Sugar  —  Miscellaneous  Technological  matter 
relating  to  Potash,  Soda,  Sulphuric  Acid,  Chlorine,  Tar  Products,  Petroleiun,  Milk,  Tallow, 
Photography,  Prices,  Wages,  Appendix,  etc.,  etc 

The  Mechanician :   A  Treatise  on  the  Construction 

and  Manipulation  of  Tools,  for  the  use  and  instruction  of  Young  Engineers 
and  Scientific  Amateurs,  comprising  the  Arts  of  Blacksmi thing  and  Forg- 
ing ;  the  Construction  and  Manufacture  of  Hand  Tools,  and  the  various 
Methods  of  Using  and  Grinding  them  ;  the  Construction  of  Machine  Tools, 
and  how  to  work  them ;  Machine  Fitting  and  Erection ;  description  of 
Hand  and  Machine  Processes  ;  Turning  and  Screw  Cutting ;  principles  of 
Constructing  and  details  of  Making  and  Erecting  Steam  Engines,  and  the 
various  details  of  setting  out  work,  etc.,  etc.  By  Cameron  Knight, 
Engineer.  Containing  1147  illustrations,  and  397  pages  of  letter-press. 
Third  edition,  4to,  doth,  i&r« 
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On  Designing  Belt  Gearing.      By  E.   J.   Cowling 

Welch,   Mem.  Inst  Mech.  Engineers,   Author  of  'Designing  Valv? 
Gearing.'    Fcap.  8vo,  sewed,  6</. 

A  Handbook  of  Formula,  Tables,  and  Memoranda, 

for  Architectural  Surveyors  and  others  engaged  in  Building,     By  J.  T. 
HusST,  C.£.    Thirteenth  edition,  royal  32020,  roan,  5#. 

"  It  is  no  disparagement  to  the  many  excellent  publications  we  refer  to,  to  say  that  in  o« 
opinion  thb  little  pocKet-book  of  Hurst's  is  the  very  best  of  them  all,  without  any  < 

^  to  < 


It  would  be  useless  to  attempt  a  recapitulation  of  the  contents,  for  it  appears  t 
everytfunf  that  anyone  connected  with  building  could  require,  and,  best  of  all,  made  np  in  t 
compact  form  for  carrying  in  the  pocket,  measuring  only  5  in.  by  ^  in.,  and  about  \  in.  thick, 
in  a  limp  cover.  We  congratulate  the  author  on  the  success  of  his  hiborious  and  practiealb 
compiled  iitde  book,  which  has  received  unqualified  and  deserved  praise  from  every  pctiies- 
sional  person  to  whom  we  have  shown  \\J*—The  DnUin  Builder, 

Tabulated  Weights  of  Angle,    Tee,   Bulby    Round, 

Square,  and  Flat  Iron  and  Steel,  and  other  information  for  the  use  <^ 
Naval  Architects  and  Shipbuilders.  By  C.  H.  Jordan,  M.LN.  A.  FourtB 
edition,  32mo,  cloth,  zs,  6d, 


Quantity  Surveying.    By  J.  Leaning. 

trations,  crown  8vo,  doth,  91. 

Contents : 


With  42  illus- 


A   complete   Explanation   of  the   London 

Practice. 
General  Instructions. 
Order  of  Taking  Off. 

Modes  of  Measurement  of  the  various  Trades. 
Use  and  Waste. 
Ventilation  and  Warming. 
Credits,  with  various  Examples  of  Treatment. 
Abbreviations. 
Squaring  the  Dimensions- 
Abstracting,  with  Examples  in  illustration  of 

each  Trade. 
Billing. 

Examples  of  Preambles  to  each  Trade. 
Form  for  a  Bill  of  Quantities. 
Do.       Bill  of  Credits. 
Do.        Bill  for  Alternative  Estimate. 
Restorations  and  Repairs,  and  Form  of  BiU. 
Variadons  before  Acceptance  of  Tender. 
Errors  in  a  Builder's  Estimate. 


Schedule  of  Prices. 

Form  of  Schedule  of  Prices. 

Analysis  of  Schedule  of  Priebs. 

Adjustment  of  Accounts. 

Form  of  a  Bill  of  Variations. 

Remarks  on  Specifications. 

Prices    and     Valuation     of     Work,     with 

Examples  and  Remarks  upon  each  Trade. 
The  Law  as  it  a0ects  Quantity  Surveyc«s. 

with  Law  Reports.' 
Taking  Off  after  the  Old  Method. 
Northern  Pracdce. 
The   General   Statement   of    the    Method  < 

recommended  by  the  Manchester  Sockt^ 

of  Ardiitects  for  taking  Qoantitia. 
Examples  of  Collections. 
Examples  of"  Taking  Off"  in  eadi  Trade. 
Remarks  on  the  Past  and  Present  Method- 

of  Estimatizig. 


A    Practical   Treatise  on   Heat,  as  applied  to    the 

Useful  Arts;  for  the  Use  of  Engineers,  Architects,  &c.  By  Thomas 
Box.     With  i^  plates.    Third  edition,  crown  8to,  cloth,  I2x.  ^, 

A   Descriptive    Treatise  on  Mathematical  Draxtnng 

Instruments:  their  construction,  uses,  qualities,  selection,  preservation, 
and  suggestions  for  improvements,  with  hints  upon  Drawing  and  Colour- 
ing. By  W.  F.  Stanley,  M.R.I,  Fifth  edition,  with  numerous  UlmtrtUiem, 
crown  Svo,  cloth,  5x. 
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Spons  Architects'  and  Builders  Pocket-Book  of  Prices 

and  Memoranda,  Edited  by  W.  Young,  Architect.  Royal  321110,  roan, 
4^.  6d. ;  or  cloth,  red  edges,  3^*.  6d,  Published  annually.  Eleventh  edition. 
Now  ready, 

Long-Span  Railway  Bridges,  comprising  Investiga- 
tions of  the  Comparative  Theoretical  and  Practical  Advantages  of  the 
various  adopted  or  proposed  Type  Systems  of  Construction,  with  numerous 
Formula  and  Tables  giving  the  weight  of  Iron  or  Steel  required  in 
Bridges  from  300  feet  to  the  limiting  Spans ;  to  which  are  added  similar 
Investigations  and  Tables  relating  to  Short-span  Railway  Bridges.  Second 
and  revised  edition.  By  B.  Baker,  Assoc  Inst  C.E.  FkUes,  crown  8vo, 
cloth,  5^. 

Elementary  Theory  and  Calculation  of  Iron  Bridges 

and  Roofs,  By  August  Ritter,  Ph.D.,  Professor  at  the  Polytechnic 
School  at  Aix-la-Chapelle.  Translated  from  the  third  German  edition, 
by  H.  R.  Sankey,  Capt.  R.E.    With  500  illustrations,  8vo,  cloth,  15J. 

TJie  Builders  Clerk :  a  Guide  to  the  Management 

of  a  Builder's  Business.    By  Thomas  Bales.    Fcap.  8vo,  cloth,  u.  6rf. 

The    Elementary     Principles    of   Carpentry,       By 

Thomas  Tredgold.  Revised  from  the  original  edition,  and  partly 
re- written,  by  John  Thomas  Hurst.  Contained  in  517  pages  of  letter- 
press, and  illustrated  with  48  plates  and  150  wood  engravings.  Third 
edition,  crown. 8 vo,  cloth,  i8J. 

Section  I.  On  the  Equality  and  Distribution  of  Forces  —  Section  II.  Resistance  of 
Timber — Section  III.  Construction  of  Floors — Section  IV.  Construction  of  Roofs — Sec- 
tion V.  Constiiiction  of  Domes  and  Cupolas — Section  VI.  Construction  of  Partitions — 
Section  VII.  Scafiblds,  Staging,  and  Gantries — Section  VIII.  Construction  of  Centres  for 
iiridges — Section  IX.  Cofier-dams»  Shoring,  and  Strutting — Seclion  X.  Wooden  Bridges 
and  Viaducts — Section  XI.    Joints,  Straps,  and  other  Fastenings — Section  XII.  Timber. 

Our  Factories^    Workshops,  and  Warehouses:   their 

Sanitary  and  Fire-Resisting  Arrangements.  By  B.  H.  Thwaite,  Assoc. 
Mem.  Inst.  C.E.     With  183  wood  engravings,  crown  8vo,  cloth,  9^. 

Gold:  Its  Occurrence  and  Extraction,  embracing  the 

Geographical  and  Geological  Distribution  and  the  Mineralogical  Charac- 
ters of  Gold-bearing  rocks ;  the  peculiar  features  and  modes  of  working 
Shallow  Placers,  Rivers,  and  Deep  Leads ;  Hydraulicing ;  the  Reduction 
and  Separation  of  Auriferous  Quartz ;  the  treatment  of  complex  Auriferous 
ores  containing  other  metals ;  a  Bibliography  of  the  subject  and  a  Glossary 
of  Technical  and  Foreign  Terms.  By  Alfred  G.  Lock,  F.R.G.S.  With 
numerous  illustrations  and  maps,  1250  pp.,  super-royal  8vo,  cloth, 
2/.  \2s,  6d, 
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A  Practual  Treatise  on  Coal  Mining.     By  Gkorc: 

G.  Andr^,  F.G.S.,  Assoc  Inst  C.E.,  Member  of  the  Society  of  Engine: 
With  82  UthographU  plates.    2  vols.,  royal  4to,  cloth,  si,  12s. 

Iron  Roofs :  Examples  of  Design,  Description,  ///us- 

traiedwith  64  Working  Drawings  of  Executed  Roofs.  By  Arthur  T 
Walmisley,  Assoc.  Mem.  Inst.  C.E.   Imp.  410,  half -morocco,  £2  izr.  d. 

A  History  of  Electric  Telegraphy^  to  the  Year  1837. 

Chiefly  compiled  from  Original  Sources,  and  hitherto  Unpublished  Docs- 
ments,  by  J.  J.  Fahie,  Mem.  Soc  of  Tel.  Engineers,  and  of  the  Inter- 
natioiud  Society  of  Electricians,  Paris.    Crown  Svo,  cloth,  9j. 

Spons*  Information  for  Colonial  Engineers.     Edited 

by  J.  T.  Hurst.    Demy  Svo,  sewed. 

Na  I,  Ceylon.    By  Abraham  Drake,  CE.    2x.  6^. 

Contents  ; 

Introductory  Remarks— Natural  Productions— Architecture  and  Engineering— Topo 
graphy.  Trade,  and  Natural  History— Principal  Sutiona— Weights  and  Measures,  etc.,  etc. 

No.  2.  Southern  Africa,  including  the  Cape  Colony,  Natal,  and  the 
Dutch  Republics.  By  Henry  Hall,  F.R.G.S.,  F.R.C.I.  Willi 
Map.    3J.  6d. 

Contents  : 

General  Description  of  South  Africa — Phvsical  Geography  with  reference  to  Enginc«rin': 
Operations- Notes  on  Labour  and  Material  in  Cape  Colony— Geological  Notes  on  R 
Formation  in  South  Africa — Engnneering  Instruments  for  Use  in  South  Africa— Princi,^.. 
Public  Works  in  Cape  Colony :  Railways,  Mountain  Roads  and  Passes,  Harbour  Work- 
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Formation  in  South  Africa — Engnneering  Instruments  for  Use  in  South  Africa— Princi p. 

Public  Works  in  Cape  Colony :  Railways,  Mountain  Roads  and  Passes,  Harbour  Work 

Bridges,  Gas  Works,  Irri^tion  and  Water  Supply,  Lighthouses,  Drainage  and  Sanitur^ 

Engueering,  Public  Buildings,  Mines— ^Table  of  Woods  m  South  Africa— Azumals  used  f<. 

Draught  Purposes— Sutisiical  Notes— Table  of  Distances-Rates  of  Carriage,  etc. 

No.  3.  India.  By  F.  C.  Danvers,  Assoc.  Inst  CE.  With  Map.  4J-.  ed 

Contents  : 

Physical  Geography  of  India— Building  Materials— 'Roada—Railways^—Bridgej  Irrig.-. 
tion  — River  Works— Harbours— Lighthouse  Buildings— Native  Labour^ The  Princi p.i 
Trees  of  India— Moneys— Weights  and  Measures— Glosnry  of  Indian  Terms,  etc 

A    Practical    Treatise  on   Casting  and  Founding 

including  descriptions  of  the  modem  machineiy  employed  in  the  art.  B> 
N.  E.  Spretson,  Engineer.  Third  edition,  with  82  plaUs  drawn  xi 
scale,  412  pp.,  demy  Svo,  cloth,  x&r.  «* 

Steam  Heating  for  Buildings ;  or,  Hints  to  Steam 

Fitters,  being  a  description  of  Steam  Heating  Apparatus  for  Warming 
and  Ventilating  Priyate  Houses  and  Large  Buildings,  with  remarks  on 
Steam,  Water,  and  Air  in  their  relation  to  Heating.  By  W.  J.  Baldwix. 
IVith  many  illustrations.    Fourth  edition,  crown  ovo,  cloth,  10/.  6</, 
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The  Depreciation  of  Factories  and  their  Valuation. 

By  EwiNG  Matheson,  M.  Inst.  C.E.    8vo,  cloth,  6j. 

A  Handbook  of  Electrical  Testing.    By  H.  R.  Kempe; 

M.S.T.E.    Third  edition,  revised  and  enlarged,  crown  8vo,  doth/  15^. 

Gas  Works:  their  Arrangement,  Construction,  Plant, 

and  Machinery.  By  F.  Colyer,  M.  Inst.  C.E.  With  ii  folding plaUs^ 
8vo,  cloth,  24^. 

TIu  Clerk  of  Works:  a  Vade-Mecum  for  all  engaged 

in  the  Superintendence  of  Building  Operations.  By  G.  G.  HOSKINS, 
F.R.I.B.A.    Third  edition,  fcap.  8vo,  cloth,  u.  td. 

American  Foundry  Practice:    Treating  of  Loam, 

Dry  Sand,  and  Green  Sand  Moulding,  and  containing  a  Practical  Treatise 
upon  the  Management  of  Cupolas,  and  the  Melting  of  Iron.  By  T.  D. 
West,  Practical  Iron  Moulder  and  Foundry  Foreman.  Second  edition, 
with  numerous  illustrations^  crown  8vo,  cloUi,  icxf,  (id. 

The  Maintenance  of  Macadamised  Roads.     By  T. 

CODRINGTON,  M.I.C.E,  F.G.S.,  General  Superintendent  of  County  Roads 
for  South  Wales.    8vo,  cloth,  dr. 

Hydraulic   Steam  and  Hand  Power  Lifting  and 

Pressing  Machinery,  By  FREDERICK  COLYER,  M.  Inst  C.E.,  M.  Inst.  M.£. 
mth  llplatesy  8vo,  cloth,  \%s. 

Pumps  and  Pumping  Machinery,      By  F.  Colyer, 

M.LC.E.,  M.I.M.E.     WUh  2^  folding  plates,  8to,  cloth,  12/.  6d, 

The  Municipal  and  Sanitary  Engineers  Handbook, 

By  H.  Percy  Boulnois,  Mem.  Inst.  C.E.,  Borough  Engineer,  Ports- 
mouth.    With  numerous  illustrations y  demy  8vo,  cloth,  izr.  6^. 

Contents  : 

The  Appointment  and  Duties  of  the  Town  Surveyor— TraflSc— Macadamised  Roadways- 
Steam  Rollrag— Road  Metal  and  Breaking— Pitched  Pavements— Asphalte— Wood  Pavements 
—Footpaths— Kerbs  and  Gutters— Street  Naming  and  Numbering— Street  Lighting— Sewei^ 
age— Ventilation  of  Sewersr— Disposal  of  Sewage— House  Drainage— Disinfecuon— Gas  and 
Water  Companies,  &c..  Breaking  up  Streets — Improvement  of  Private  Streets— Borrowing 
Powers— Artizans'  and  Labourers'  Dwellings— Public  Conveniences— Scavenging,  including 
Scrcet  Cleansing— Watering  and  the  Removing  of  Snow— Planting  Street  Trees— Deposit  of 
IHan*— Dangerous  Buildings— Hoardings— Obstructions— Improving  Street  lines— Cellar 
Openings— Public  Pleasure  Ground*— Cemeteries— Mortuaries— Cattle  and  Ordinary  Markets 
—Public  Slaughter-houses,  etc.— Giving  numerous  Forms  of  Notices,  Specifications,  and 
General  Information  upon  these  and  other  subjects  of  great  importance  to  Muniopal  Engi- 
neers and  others  engaged  in  Sanitary  Work. 
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Tables  of  the  Principal  Speeds  occurring  in  Mechdnicai 

Engineering,,  expressed  in  metres  in  a  second.  By  P.  Kberaybpf,  Chic:' 
Mechanic  of  the  Obouchoff  Steel  Works,  St  Petersburg^ ;  translated  b} 
Sergius  Kern,  M.E.    Fcap.  8vo,  sewed,  ()d, 

A  Treatise  on  the  Origin^  Progress^  Prevention^  ami 

Cure  of  Dry  Rot  in  Timber;  with  Remarks  on  the  Means  of  Preservirr 
Wood  from  Destruction  by  Sea- Worms,  Beetles,  Ants,  etc.  By  Thom a> 
Allen  Britton,  late  Surveyor  to  the  Metropolitan  Board,  of  Works 
etc.,  etc.     With  lo  plates^  crown  8vo,  cloth,  ^s.  6J, 

Metrical  Tables,     By  G.  L.  Molesworth,  M.I.C.E. 

32mo,  cloth,  IJ.  dd. 

Contents. 

General — Linear  Measures— Square  Measures — Cubic  Measures— Measures  of  Capacity— 
Weights— Combinations — Thermometers. 

Elements  of  Construction  for  Electro-Magnets.      B)* 

Count  Th.  Du  Moncel,  Mem.  de  Tlnstitut  de  France.     Translated  from 
the  French  by  C.  J.  Wharton.    Crown  8vo,  cloth,  ^r.  6</. 

Electro 'Telegraphy.      By  Frederick   S.    Beechev, 

Telegraph  Engineer.    A  Book  for  Beginners.    Illustrated.     Fcap.  8vo^ 
sewed,  td. 

H andr ailing :  by  the  Square  Cut,     By  John  Jones, 

Staircase  Builder.    Fourth  edition,  with  seuen  plates^  Svo,  doth,  3/.  bd. 

Handrailing :  by  the  Square  Cut.     By  John  Jones, 

Staircase  Builder.    Part  Second,  with  eight  plates,  8to,  doth,  3r.  6d. 

Practical  Electrical  Units  Popularly  Explained^  with 

numerous  illustrations  and  Remarks.  By  James  Swinburne,  late  of 
J.  W.  Swan  and  Co.,  Paris,  late  of  Brush-Swan  Electric  Light  Companr. 
U.S.A.     i8mo,  cloth,  is,  6d. 

Philipp  ReiSy  Inventor  of  the  Telephone:  A  Biographical 

Sketch.  With  Documentary  Testimony,  Translations  of  the  Original 
Papers  of  the  Inventor,  &c  By  Silvan  us  P.  Thompson,  B.  A.,  Dr.  Sc, 
Professor  of  Experimental  Physics  in  University  College,  BiistoL  With 
illustrations,  8vo,  cloth.  Is,  6d, 

A  Treatise  on  the  Use  of  Belting  for  the  Transmis- 
sion 0/  Power,  By  J.  H.  CooPBR.  Second  edition,  iUusirated^  Std, 
cloth,  1 5 J. 
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A  Pocket-Book  of  Useful  Formulce  and  Memoranda 

for  Civil  and  Mechanical  Engineers,  By  GuiLFORD  L.  MOLESWORTH, 
Mem.  InsL  C.E.,  Consulting  £ng;ineer  to  the  Government  of  India  for 
State  Railways.  With  numerous  illustrations^  744  pp.^  Twenty-first 
edition,  revised  and  enlarged,  32mo,  roan,  6^. 

Synopsis  of  Contents: 

Surveying,  Levelling,  etc.— Strength  and  Weight  of  Materials^— Earthwork.  Brickwork, 
Masonry,  Arches,  etc—Struts,  Columns,  Beams,  and  Trusses — Flooring,  Roofing,  and  Roof 
Trusses—Girders,  Bridges,  etc.— Railways  and  Roads — Hydraulic  Formule^— CaiuJs.  Sewers, 
Waterworks,  Docks— Irrigatioa  and  Breakwaters— Gas,  Ventilation,  and  Warming— Heat, 


Light,  Colour,  and  Sound — Gravity:  Centres,  Forces,  and  Powers— Millwork,  Teeth  of  . 
Wheels,  Shafting,  etc.— Workshop  Recipes — Sundry  Machinery^-Animal  Power— Steam  and 
the  Steam  Engme— Water^^power,  Water-wheels,  Turbines,  etc-— Wind  and  Windmills — 
Steam  Navigation,  Ship  Bnilding,  Tonnage,  etc.— Gunnery,  Projectiles,  etc.— Weights, 
Measures,  and  Money— Trigonometry,  Conic  Sections,  and  Curves— Telegraphy— Mensura- 
tion— Tables  of  Areas  and  Circumference,  and  Arcs  of  Circles-Logarithms,  Square  and 
Cube  Roots,  Powers— Reciprocals,  etc.— Useful  Numbers— Differential  and  Intend  Calcu- 
lus—-Algebraic  Signs — ^Telegraphic  Construction  and  Formulas. 

Spons     Tables    and  Memoranda   for    Engineers; 

selected  and  arranged  by  J.  T.  Hurst,  C.E.,  Author  of  'Architectural 
Surveyors'  Handbook,'  *  Hurst's  Tredgold's  Carpentry,'  etc.  Fifth  edition, 
64mo,  roan,  gilt  edges,  \s, ;  or  in  cloth  case,  \s.  6d, 

Thb  work  is  printed  in  a  pearl  type,  and  is  so  small,  measuring  only  2^  in.  by  li  in.  by 
1  in.  thick,  that  it  may  be  easily  carried  in  the  waistcoat  pocket. 

"  It  is  certainly  an  extremely  rare  thing  for  a  reviewer  to  be  called  upon  to  notice  a  volume 
measuring  but  ^\  in.  by  if  in.,  vet  these  dimensions  faithfully  represent  the  size  of  the  handy 
little  book  before  us.  The  volume— which  contains  xi8  printed  pages,  besides  a  few  blank 
pages  for  memoranda— is,  in  iact,  a  true  pocket-book,  adapted  for  being  carried  in  the  waist- 
coat pocket,  and  containing  a  far  greater  amount  and  variety  of  information  than  most  people 
would  imagine  could  be  compressed  into  so  small  a  space.  ....  The  little  volume  has  been 
compiled  with  considerable  care  and  judgment,  and  we  can  cordially  recommend  it  to  our 
readers  as  a  useful  little  pocket  companion." — Engineerings, 

A   Practical   Treatise  on   Natural  and  Artificial 

Concrete,  its  Varieties  and  Constructive  Adaptations,  By  Henry  Reid, 
Author  of  the  *  Science  and  Art  of  the  Manufacture  of  Portland  Cement' 
New  Edition,  with  59  woodcuts  and  5  plates,  8vo,  cloth,  15^. 

Hydrodynamics :  Treatise  relative  to  the  Testing  of 

Water- Wheels  and  Machinery,  with  various  other  matters  pertaining  to 
Hydrodynamics.  By  James  Emerson.  IVilh  numerous  illustrations^ 
360  pp.    Third  edition,  crown  8vo,  cloth,  4J.  (>d. 

Electricity  as  a  Motive  Power.     By  Count  Th.  Da 

MoNCEL,  Membre  de  I'Institut  de  France,  and  Frank  Geraldy,  Ing^- 
nieur  des  Fonts  et  Chauss^es.  Translated  and  Edited,  with  Additions,  by 
C.  J.  Wharton,  Assoc.  Soc  Tel.  Eng.  and  Elec  With  113  engravings 
and  diagrams,  crown  8vo,  qloth,  is,  6^. 

Hints  on  Architectural  Draughtsmanship.    By  G.  W. 

TUXFORD  Hallatt.    Fcap.  8yo,  cloth,  is,  6d. 
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Treatise  on  Valve-Gears,  with  special  consideration 

of  the  Link-Motions  of  LocomotiTe  Engines.  By  Dr.  Gustav  Zeuner, 
Professor  of  Applied  Mechanics  at  the  Confederated  Polytecfanikum  of 
Zurich.  Translated  from  the  Fourth  German  Edition,  by  Professor  J.  F. 
Klein,  Lehigh  University,  Bethlehem,  Pa,   Illustrated^  8vo,  cloth,  vis,  (id. 

The    French- Polisher s  Manual.      By   a    French- 

Polisher;  containing  Timber  Staining,  Washing,  Matching,  Improving. 
Painting,  Imitations,  Directions  for  Staining,  Sizing,  Embodying, 
Smoothing,  Spirit  Varnishing,  French-Polishing,  Directions  for  Re- 
polishing.     Third  edition,  royal  32mo,  sewed,  6^. 

Hops,    their    Cultivation,    Commerce^   and    Uses  in 

various  Countries.    By  P.  L.  SiMMONDS.    Crown  8vo,  cloth,  41.  6d, 

A  Practical  Treatise  on  the  Manufacture  and  Distri- 
bution of  Coal  Gas.  By  William  Richards.  Demy  4to,  with  numerous 
wood  engravings  and  29  plates,  cloth,  2&r. 

Synopsis  of  Contents  : 

Introduction  — History  of  Gas  Lightings  Chemistry  of  "Gas  Manufacture,  by  Levis 
Thompson,  Esq.,  M.R.C.S. — Coal,  with  Analyses,  by  J.  Paterson,  Lewis  Thompson,  aad 
G.  R.  Hislop,  Esqrs. — Retorts,  Iron  and  Clay— Retort  Setting— Hydraulic  Maio— Con- 
densers ^  Exhausters — Washers  and  Scrubbers— Purifiers— Purification  ^History  of  Gas 
Holder  —  Tanks,  Brick  and  Stone,  Composite,  Concrete,  Cast-iron,  Compound  Ananlar 
Wrought-iron  —  Specifications — Gas  Holders— Station  Meter— Governor — Distributioa— 
M  tins — Gas  Mathematics,  or  Formulae  for  the  Distribution  of  Gas,  by  Lewis  Thompson,  Esq. — 
Services— Consumers'  Meters — Regulators— Burners— Fittings — ^Fhotometer— Carbcuisatios 
ot  Gas — Air  Gas  and  Water  Gas— Composition  of  Coal  Gas,  by  Lewis  Thompson,  Esq. — 
Analyses  of  Gas — Influence  of  Atmospheric  Pressure  and  Temperature  on  Gas— Residual 
Products— Appendix — Description  of  Retort  Settings,  Buildings,  etc.,  etc. 

Practical   Geometry^    Perspective^    and  Engineering 

Drawing;  a  Course  of  Descriptive  Geometry  adapted  to  the  Require- 
ments of  the  Engineering  Draughtsman,  including  the  determination  of 
cast  shadows  and  Isometric  Projection,  each  chapter  being  followed  by 
numerous  examples ;  to  which  are  added  rules  for  Shading,  Shade-lining, 
etc.,  together  with  practical  instructions  *as  to  the  Limng,  Colouring, 
Printing,  and  general  treatment  of  Engineering  Drawings,  with  a  chapter 
on  drawing  Instruments.  3y  George  S.  Clarke,  Capt.  R.E.  Second 
edition,  with  21  plates.    2  vols.,  cloth,  los.  6d. 

The  Elements  of   Graphic  Statics.     By  Professor 

Karl  Von  Ott,  translated  from  the  German  by  G.  S.  Clarke,  CapL 
R.E.,  Instructor  in  Mechanical  Drawing,  Royal  Indian  Engineering 
College.     JVith  93  illustrations,  crown  8vo,  cloth,  5x. 

The  Principles  of  Graphic  Statics.,     By   George 

Sydenham  Clarke,  Capt.  Royal  Engineers.  iVitA  112  illustrations, 
4to,  cloth,  I2s,  6d. 

Dynamo-Electric  Machinery :  A  Manual  for  Students 

of  Electro-technics.    By  Silvanus  P.  Thompson,  B.  A.,  D.Sc,  Professor 
•     of  Experimental  Physics  in  University  College,  Bristol,  eta,  etc    /llus' 
traicd,  8vo,  doth,  12s.  6d. 
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The  New  Formula  for  Mean  Velocity  of  DiscJiarge 

of  Rivers  and  Canals,  By  W.  R.  K  UTTER.  Translated  from  articles  in 
the  *  Cultur-Ingenicur,*  by  Lowis  D'A.  Jackson,  Assoc.  Inst.  CE. 
8vo,  cloth,  I2J-.  td. 

Practical  Hydraulics  ;  a  Series  of  Rules  and  Tables 

for  the  use  of  Engineers,  etc.,  etc.  By  Thomas  Box,  Fiftli  edition, 
nunurous  plates^  post  8vo,  cloth,  5j. 

A  Practical  Treatise  on  the  Construction  of  Hori- 
zontal and  Vertical  JVaterwAeels,  specially  designed  for  the  use  of  opera- 
tive mechanics.  By  William  CULLEN,  Millwright  and  Engineer.  fVit/t 
II  plates.    Second  edition,  revised  and  enlarged,  small  4to,  cloth,  \zs.  td. 

Tin:    Describing   the    Chief  Methods   of  Mining, 

Dressing  and  Smelting  it  abroad  ;  with  Notes  upon  Arsenic,  Bismuth  and 
Wolfram.  By  Arthur  G.  Charleton,  Mem.  American  Inst,  of 
Mining  Engineers.     With  plates ^  8vo,  cloth,  I2j.  (yd. 

Perspective^   Explained  and  Illustrated.     By  G.  S. 

Clarke,  Capt.  R.E.     With  illustrations^  8vo,  cloth,  jj.  td. 

The  Essential  Elements  of  Practical   MccJianics ; 

based  on  the  Principle  of  Work,  designed  for  Engineering  Students.  By 
Oliver  Byrne,  formerly  Professor  of  Mathematics,  College  for  Civil 
Engineers.  Third  edition,  ivith  148  wood  etigra;vi>tgs^  post  8vo,  cloth, 
is.  6d. 

Contents  : 

Chap.  I.  How  Work  is  Measured  by  a  Unit,  both  with  and  without  reference  to  a  Unit 
of  Time — Chap.  2.  The  Work  of  Living  Agents,  the  Influence  of  Friction,  and  introduces 
one  of  the  most  beautiful  Laws  of  Motion—- Cluf>.  j.  The  principles  expounded  in  the  first  and 
second  chapters  are  applied  to  the  Motion  of  Bodies — Chap.  4.  The  Transmission  of  Work  by 
!>imple  Machine»— Chap.  5.  Useful  Propositions  and  Rules. 

The  Practical  Millwright  and  Engineers    Ready 

Reckoner;  or  Tables  for  finding  the  diameter  and  power  of  cog-wheels, 
diameter,  weight,  and  power  of  shafts,  diameter  and  strength  of  bolts,  etc. 
By  Thomas  Dixon.    Fourth  edition,  i2mo,  cloth,  y. 

Breweries  afid  Mailings  :  their  Arrangement,  Con- 
struction, Machinery,  and  Plant.  By  G.  Scamell,  F.R.I.B.A.  Second 
edition,  revised,  enlarged,  and  partly  rewritten.  By  F.  COLYER,  M.l.C.E., 
M.I.M.E.     With  20  plates,  8vo,  cloth,  i&f. 

A  Practical  Treatise  on  the  Manufacture  of  Starch, 

Glucose^  Starch-Sugar,  and  Dextrine,  based  on  the  German  of  L.  Von 
Wagner,  Professor  in  the  Royal  Technical  School,  Buda  Pesth,  and 
other  authorities.  By  Julius  Frankel  ;  edited  by  Robert  H utter, 
proprietor  of  the  Philadelphia  Starch  Works.  IVilh  58  illustrations, 
344  pp.,  8vo,  cloth,  i8f. 
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A  Practical  Treatise  on  Mill-gearing,  Wheels,  Shafts, 

JH/^^erSy  gic;  for  the  use  of  Engineers.  By  THOMAS  Box.  Third 
edition,  luiih  1 1  plates.     Crown  8vo,  cloth,  yj.  td. 

Mining  Machinery:  a  Descriptive  Treatise  on  the 

Machinery,  Tools,  and  other  Appliances  used  in  Mining.  By  G.  G. 
Andr^.,  F.G.S.,  Assoc.  Inst.  C.E.,  Mem.  of  the  Society  of  Engineers. 
Royal  4to,  uniform  with  the  Author's  Treatise  on  Coal  Mining,  con- 
taining 182  plates,  accurately  drawn  to  scale,  with  descriptive  text,  in 
2  vols.,  cloth,  3/.  I2J. 

Contents  : 

Machinery  for  Prospecting,  Excavating,  Hauling,  and  Hoisting^Ventilation — Pumpin?— 
TreatmeDt  of  Mineral  Products,  including  Gold  and  Silver,  Copper,  Tin,  and  Lead,  Iru*. 
Co.l.  Salphur,  China  Clay,  Brick  Earth,  etc. 

Tables  for  Setting  ont  Curves  for  Railways,  Canals, 

Koads,  etc,  varying  from  a  radius  of  five  chains  to  three  miles.  By  A. 
Kknnedy  and  R.  \V.  IIackwood.     Illustrated^  32mo,  cloth,  2j.  6^.' 

TJic  Science  and  Art  of  the  Manufacture  of  Portland 

Cement^  with  observations  on  some  of  its  constructive  applications.  With 
66  illustrations.  By  Henry  Refd,  C.E.,  Author  of  'A  Practical 
Treatise  on  Concrete,'  etc.,  etc.    8vo,  cloth,  i&r. 

The  Draughtsman  s  Handbook  of  Plan  and  Map 

Draitnng;  including  instructions  for  the  preparation  of  Engineering, 
Architectural,  and  Mechanical  Drawings.  IVitk  numerous  illustratioKJ 
in  the  text,  and  33  plates  (15  printed  in  colours).  By  G.  G.  ANDRti, 
P\G.S,,  Assoc.  Inst.  C.E.     4to,  cloth,  9^. 

CONtENTS : 
I'he  Drawing  Office  and  its  Furnishings — Geometrical  Problems— Lines,  Dots,  and  their 
Co ^ibi nations — Colours,  Shading,  Lettering,  Bordering,  and  North  Pointe — Sca]e<i — Wotting 
— ».  ivil   En^ncers'  and  Surveyors'   Plans — Map  Drawing— Mechanical  and  Archiiectujal 
Drawing — Copying  and  Reducing  Trigonometrical  Formul^,  etc,  etc. 

The  Boiler-maker  s  andiron  Ship-builders  Companion, 

comprising  a  series  of  original  and  carefully  calculated  tables,  of  the 
utmost  utility  to  persons  interested  in  the  iron  trades.  By  James  Foden. 
author  of  *  Mechanical  Tables,*  etc.  Second  edition  revised,  with  Hhtstra- 
tions,  crown  8vo,  cloth,  ^s. 

Rock  Blasting:   a  Practical  Treatise  on.  the  means 

employed  in  Blasting  Rocks  for  Industrial  Purposes.  By  G.  G.  Andre, 
F.G.S.,  Assoc.  Inst  C.E.  Wiih  56  illustrations  and  12 platts^  8vo,  cloth, 
loy.  6d. 

Painti7ig  and  Painters   Manual:  a  Book  of  Facts 

for  Painters  and  those  who  Use  or  Deal  in  Paint  Materials.  By  C.  L. 
CoNDiT  and  J.  SCHELLER.     Illustrated,  8vo,  cloth,  los.  6d, 
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A  Treatise  on  Ropemaking  as  practised  in  public  and 

private  Rope-yardsy  with  a  Description  of  the  Manufacture,  Rules,  Tables 
of  Weights,  etc.,  adapted  to  the  Trade,  Shipping,  Mining,  Railways, 
Builders,  etc.  By  R.  Chapman,  formerly  foreman  to  Messrs.  Huddart 
and  Co.,  Limehouse,  and  late  Master  Ropemaker  to  H.M.  Dockyard, 
Deptford.     Second  edition,  i2mo,  cloth,  3/. 

Laxtafis  Builders   and  Contractors   Tables ;   for  the 

use  of  Engineers,  Architects,  Surveyors,  Builders,  Land  Agents,  and 
others.  Bricklayer,  containing  22  tables,  with  nearly  30,000  calculations. 
4to,  cloth,  5j. 

Laxtons  Builders  and  Contractors  Tables.  Ex- 
cavator, Earth,  Land,  Water,  and  Gas,  containing  53  tables,  with  nearly 
24,000  calculations.    4to,  cloth,  5x. 

Sanitary  Engineering:   a  Guide  to  the  Construction 

of  Works  of  Sewerage  and  House  Drainage,  with  Tables  for  facilitating 
the  calculations  of  the  Engineer.  By  Baldwin  Latham,  C.E,,  M.  Inst. 
C.E.,  F.G.S.,  F.M.S.,  Past-President  of  the  Society  of  Engineers.  Second 
edition,  7oilk  numermis  plates  and  woodcuts^  8vo,  cloth,  i/.  lOf. 

Screw  Ctitting  Tables  for  E^igineers  and  Machinists, 

giving  the  values  of  the  different  trains  of  Wheels  required  to  produce 
Screws  of  any  pitch,  calculated  by  Lord  Lindsay,  M.P.,  F.R.S.,  F.R.A.S., 
etc.     Cloth,  oblong,  2s. 

Screw    Cutting    Tables,   for  the  use  of  Mechanical 

Engineers,  showing  the  proper  arrangement  of  Wheels  for  cutting  the 
Threads  of  Screws  of  any  required  pitch,  with  a  Table  for  making  the 
Universal  Gas-pipe  Threads  and  Taps.  By  W^  A.  Martin,  Engineer. 
Second  edition,  oblong,  cloth,  U.,  or  sewed,  6r/. 

A  Treatise  on  a  P^^actical  Method  of  Designifig  Slide- 

Valve  Gears  by  Simple  Geometrical  Construction ^  based  upon  the  principles 
enunciated  in  Euclid's  Elements,  and  comprising  the  various  forms  of 
Plain  Slide- Valve  and. Expansion  Gearing;  together  with  Stephenson's, 
Gooch's,  and  Allan's  Link-Motions,  as  applied  either  to  revereing  or  to 
variable  expansion  combinations.  By  Edward  J.  Cowling  Welch, 
Memb.  Inst.  Mechanical  Engineers.     Crown  8vo,  cloth,  6j-. 

Cleaning  and  Scouring :  a  Manual  for  Dyers,  Laun- 
dresses, and  for  Domestic  Use.    By  S.  Christopher.     i8mo,  sewed,  6</. 

A  Handbook  of  House  Sanitation ;  for  the  use  of  all 

persons  seeking  a  Healthy  Home.  A  rej^rint  of  those  portions  of  Mr. 
Bailey-Denton's  Lectures  on  Sanitary  Engineering,  given  before  the 
School  of  Military  Engineering,  which  related  to  the  "Dwelling,'' 
enlarged  and  revised  by  his  Son,  E.  F.  Bailey-Denton%  C.E.,  B.A. 
With  1^0  illustrations y  8vc,  cloth,  %^.(yd. 
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A    Glossary  of  Terms  used  in  Coal  Mining.      By 

William  Stukeley  Gresley,  Assoc.  Mem.  Inst  C.E.,  F.G.S.,  Mcmbt:: 
of  the  North  of  England  Institute  of  Mining  Engineers.  IllustraUd  a  ;:•: 
ju^merous  woodctUs  and  dtagranuy  crown  8vo,  cloth,  5j". 

■A  Pocket-Book  for  Boiler  Makers  and  Steam  Users. 

comprising  a  variety  of  useful  information  for  Employer  and  Workman. 
Government  Inspectors,  Board  of  Trade  Surveyors,  Engineers  in  charge 
of  Works  and  Slips,  Foremen  of  Manufactories,  and  the  general  Steair- 
using  Public.  By  Maurice  John  Sexton.  Second  edition,  roy£ 
32mo,  roan,  gilt  edges,  5j. 

The  Strains  upon  Bridge  Girders  and  Roof  Trusses, 

including  the  Warren,  Lattice,  Trellis,  Bowstring,  and  other  Forms  of 
Girders,  the  Curved  Roof,  and  Simple  and-  Compound  Trusses.  Bv 
Thos.  Cargill,  C.E.B.A.T.,  CD.,  Assoc.  Inst.  C.E.,  Member  i^  thi 
Society  of  Engineers.  Pf^th  64  illustrations,  drawn  and  worked  aui  to  scaky 
Svo,  cloth,  I2J.  6//. 

A  Practical  Treatise  on  the  Steam  Engine^  con- 
taining Plans  and  Arrangements  of  Details  for  Fixed  Steam  Sngines 
with  Essays  on  the  Principles  involved  in  Design  and  Construction.  By 
Arthur  Rigg,  Engineer,  Member  of  the  Society  of  Engineers  and  of 
ihe  Royal  Institution  of  Great  Britain.  Demy  4to,  copiously  illustraiid 
with  woodcuts  and  96  plates,  in  one  Volume,  half- bound  morocco,  a/,  zs. ; 
or  cheaper  edition,  cloth,  25^. 

This  work  is  not,  in  any  sense,  an  elementary  treatise,  or  history  of  die  steam  engine,  \s^\ 
is  intended  to  describe  examples  of  Fixed  Steam  £n||;ines  without  entering  into  the  vice 
domain  of  locomotive  or  marine  practice.  To  this  end  illustrations  will  be  given  of  the  nio>t 
recent  arrangements  of  Horizontal,  Vertical,  Beam,  Pumping,  Winding,  Portable,  Scmi- 
portable,  Corliss,  Alien,  Compound,  and  other  similar  Engines,  by  the  most  emincot  Firms  in 
Great  Britain  and  Americ:«.  The  laws  relating  to  the  action  and  precautions  to  be  observed 
in  the  construction  of  the  various  details,  such  as  Cylinders,  Pistons,  Pistoo-rods,  Coaaecting- 
rods,  Cross-heads,  Motion- blocks.  Eccentrics,  Simple,  Expansion,  Balanced,  and  Equilibriuxn 
Slide-valves,  and  Valve-gearing  will  be  minutely  dealt  with.  In  this  connection  win  be  foond 
articles  upon  the  Velocity  of  Reciprocating  Parts  and  the  Mode  of  Applying  the  Indicate, 
Heat  and  Expansion  of  Steam  Governors,  and  the  like.  It  is  the  writer's  desire  to  draw 
illustrations  from  every  possible  source,  and  give  only  thoft  rules  that  present  practice  deeii  ' 
corrcct.3 

Barlow  s   Tables  of  Squares^    Cubes,  Square  Roots, 

Cube  Roots,  Reciprocals  of  all  Integer  Numbers  up  to  lo,ooa     Post  8to, 
cloth,  6f. 

Camus  {M)  Treatise  07i  the  Teeth  of  Wheels,  demon- 
strating the  best  forms  which  can  be  given  to  them  for  the  purposes  of 
Machinery,  such  as  Mill-work  and  Clock-work,  and  the  art  of  finding 
their  nmnbers.  Translated  from  the  French,  with  details  of  the  preseoi 
j^ractice  of  Millwrights,  Engine  Makers,  and  other  Machinists,  by 
ISAAC  Hawkins,     'iliird edition,  iv/M  \% plates^  Svo,  cloth,  5/. 


Digitized  by  VjOOQIC 


PUBLISHED  BY  E.  &  F.  N.  SPON.  13 


A   Practical  Treatise  on  tlie  Science  of  Land  and 

Engineering  Surveyings  Levelling^  Estimating  Quantities,  etc,  with  a 
general  description  of  the  several  Instruments  required  for  Surveying, 
Levelling,  Plotting,  etc  By  H.  S.  Merrett.  Third  edition,  41  plates 
with  illustrations  and  tables,  royal  8vo,  doth,  12s,  6d. 

Principal  Contents  ; 

^  Part  X.   Introduction  and  the  Principles  of  Geometry.    Part  2.   Land  Surveying ;  coni- 

Sising  General  Observations— The  Cham — Offsets  Surveying  by  the  Chain  onl^— Surveying 
illy  Ground — ^To  Survey  an  Estate  or  Parish  by  the  Chain  only — Surveying  with  the 
Theodolite — Mining  and  Town  Surveying — Railroad  Surveying — Mapping— Division  and 
Laying  out  of  Land — Observations  on  Enclosures — Plane  Trigonometry.  Part  3.  Levelling — 
Simple  and  Compound  Levelling— The  Level  Book— Parliamentary  Plan  and  Section — 
Levelling  with  a  fheodolite — Gradients— Wooden  Curves— To  Lay  out  a  Railway  Curve- 
Setting  out  Widths.  Part  4.  Calculating  Quantities  generally  for  Estimates— Cuttings  and 
Smbankments — ^Tunnels— Brickwork — Ironwork — ^Ttmber  Measuring.  Part  5.  Description 
and  Use  of  Instruments  in  Surveying  and  Plotting— The  Improved  Dumpy  Level— Troughton's 
Level— The  Prismatic  Comoass  — Proportional  Compass— Box  Sextant— Vernier — Pania- 
graph — Merrett's  Improved  Quadrant— Improved  Computation  Scale— The  Diagonal  Scale— 
straight  Edge  and  Sector.  Part  6.  Logarithms  of  Numbers  —  Logarithmic  Sines  and 
Co-Smes,  Tangents  and  Co-Tangents— Natural  Sines  and  Co-Sines— Tables  for  Earthwork, 
for  Setting  out  Curves,  and  for  various  Calculations,  etc.,  etc.,  etc. 

Saws:  the  History ^  Development,  Action^  Classifica-* 

Hon,  and  Comparison  of  Saws  of  all  kinds.  By  Robert  GAimshaw. 
WUh  220  illustrations,  410,  cloth,  12s,  6d, 

A  Supplement  to  the  above;   containing  additional 

practical  matter,  more  especially  relating  to  the  forms  of  Saw  Teeth  for 
special  material  and  conditions,  and  to  the  behaviour  of  Saws  under 
particular  conditions.     With  120  illustrations,  cloth,  ^s. 

A  Guide  for  the  Electric  Testing  of  Telegraph  Cables. 

By  Capt.  V.  Hoskicer,  Royal  Danish  Engineers.  With  illustrations, 
second  edition,  crown  8vo,  cloth,  4^.  dd. 

Laying  and  Repairing  Electric  Telegraph  Cables.   By 

Capt  V.  Hoskicer,  Royal  Danish  Engineers.  Crown  8vo,  cloth, 
y,td, 

A  Pocket-Book  of  Practical  Rules  for  the  Proportions 

of  Modern  Engines  and  Boilers  for  Land  and  Marine  purposes.  By  N.  P. 
Burgh.    Seventh  edition,  royal  32mo,  roan,  4^.  td. 

The  Assayers  Manual:    an  Abridged  Treatise  on 

the  Docimastic  Examination  of  Ores  and  Furnace  and  other  Artificial 
Products.  By  Bruno  Kerl.  Translated  by  W.  T.  Brannt.  With  65 
illustrations,  8vo,  cloth,  izs,  6d, 

The  Steam  Engine  considered  as  a  Heat  Engine :  a 

Treatise  on  the  Theory  of  the  Steam  Engine,  illustrated  by  Diagrams, 
Tables,  and  Examples  from  Practice.  By  Jas.  H.  Cotterill,  M.A., 
F.R.S.,  Professor  of  Applied  Mechanics  in  the  Royal  Naval  College; 
3vo,  cloth,  I2s,  6</. 
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Electricity:  its  Theory,  Sources,  and  Applications. 

By  J.  T.  Sprague,  M.S.T.E.    Second  edition,  revised  and  enlaxged,  -a-itk 
nufnerous  illustrations^  crown  8vo,  cloth,  15J. 

The  Practice  of  Hand  Turning  in  Wood^  Ivory  ^  Shell 

etc.^  with  Instructions  for  Turning  such  Work  in  Metal  as  may  be  reqnirea 
in  the  Practice  of  Turning  in  Wood,  Ivory,  etc. ;  also  an  Appendix  oa 
Ornamental  Turning.    (A  book  for  beginners.)     By  Francis  C ampin. 
Third  edition,  with  wood  engravings^  crown  8vo,  cloth,  dr. 
Contents : 

On  Lathes— Turning  Tools— Turning  Wood— Drilling— Screw  Cutting — ^MisoeOaoeoss 
Apparatus  and  Processes — ^Turning  Particular  Forms — Staining— Polishiag— Spuming  Metais 
^Materials — Ornamental  Turning,  etc 

Health  and  Comfort  in  House  Building,  or  Ventila- 
tion *afith  Warm  Air  by  Self-Acting  Suction  Power^  with  Review  of  the 
mode  of  Calculating  the  Draught  in  Hot- Air  Flues,  and  with  some  actual 
Experiments.  By  J.  Drysdale,  M.D.,  and  J.  W.  Hayward,  M.P. 
Second  edition,  with  Supplement,  wtth  plates,  demy  8vo,  cloth,  7/.  6iL 

Treatise  on  Watchwork,  Past  and  Present.     By  the 

Rev.  H.  L.  Nelthropp,  M.A.,  F.S.A.      With  ^2  illHstraUoHS^   crown 
8vo,  cloth,  6s,  6d, 

Contents  : 

Definitions  of  Words  and  Terms  used  in  Watchwoik— Tools— Time— Historical  Soa- 
mary— On  Calculations  of  the  Numbers  for  Wheels  and  Pinions;  their  Proportiooal  Sires, 
Trams,  etc.— Of  Dial  Wheels,  or  Motion  Work— Length  of  Time  of  Going  without  Winding 
up— The  Verge— The  Horizontal— The  Duplex— The  Lever— The  Chnmometer— Repeating 
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Mem.  Inst  C.E.,  Mem.  Soc  of  Engineers.    CroiK^  8vo,  cloth,  2/.  6d, 

Algebra   Self  Taught.      By  W.    P.    Higgs,    M.A., 

D.Sc,  LL.D.,  Assoc  InsL  C.E.,  Author  of  'A  Handbook  of  the  Differ- 
ential Calculus,'  etc.     Second  edition,  crown  8vo,  cloth,  or.  6eU 
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A    SUPPLEMENT 

TO 

SPONS'  DICTIONARY  OF  ENGINEERING. 

Edited  by  ERNEST  SPON,  Memb.  Soc.  Engineers. 


Abacus,  Counters,  Speed' 

Indicators,   and   Slide, 

Rule.  ' 

Agricultural  Implements* 

and  Machinery.  | 

Air  Compressors.  | 

Animal    Charcoal    Ma- 1 

chinery. 
Antimony. 

Axles  and  Axle-boxes. 
Bam  Machinery. 
Belts  and  Belting. 
Blasting.     Boilers. 
Brakes. 

Brick  Machinery. 
Bridges. 

Cages  for  Mines. 
Calculus,  Differential  and 

IntegraL 
Canals.- 
Carpentry. 
Cast  Iron. 
Cement,       Concrete, 

Limes,  and  Mortar. 
Chimney  Shafts. 
Coal      Cleansing       and 

Washing. 


Coal  Mining. 

Coal  Cutting  Machines. 

Coke  Ovens.    Copper. 

Docks.    Drainage. 

Dredging  Machinery. 

Dynamo  •  Electric  and 
Magneto-Electric  Ma- 
chines. 

Dynamometers. 

Electrical  Engineering, 
Telegraphy,  Electric 
Lighting  and  its  prac- 
ticaldetails,Telephones 

Engines,  Varieties  of. 

Explosives.    Fans. 

Founding,  Moulding  and 
the  practical  work  of 
the  Foundry. 

Gas,  Manufacture  of. 

Hammers,  Steam  and 
other  Power. 

Pleat.    Horse  Power. 

Hydraulics. 

Hydro-geology. 

Indicators.    Iron. 

Lifts,  Hoists,  and  Eleva- 
tors. 


Lighthouses,  Buoys,  and 
Beacons. 

Machine  Tools. 

Materials  of  Construc- 
tion. 

Meters. 

Ores,  Machinery  and 
Processes  employed  to 
Dress.  * 

Piers. 

Pile  Driving. 

Pneumatic    Transmis 
sion. 

Pumps. 

Pyrometers. 

Road  Locomotives, 

Rock  Drills. 

Rolling  Stock. 

Sanitary  Engineering. 

Shafting. 

Steel. 

Steam  Navvy. 

Stone  Machinery. 

Tramways. 

Well  Sinking. 
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SPONS'  ENCYCLOPAEDIA 


OF  THB. 

INDUSTRIAL  ARTS,  MANUFACTURES,  AND  COMMERCIAL 
PRODUCTS. 

Edited  by  C.  G.  WARNFORD  LOCK,  F.L.S. 

Among  the  more  important  of  the  subjects  treated  of,   are  the 
following  :^ 

I  Photography,   13  pp.  » 
I      figs. 

i  Pigments,  9  pp.  6  figs. 
Pottery,  46  pp.  57  figs. 
Printing  ana  Engraving, 

20  pp.  8  figs. 
Rags. 
Resinous    and     Gumm> 

Substances,  75  pp.  16 

figs. 
Rope,  16  pp.  l^  figs. 
Salt,  31  pp.  23  figs. 
Silk,  8  pp. 
Silk  Manufactures,  9  pp- 

II  figs. 
Skins,  5  pp. 
Small  Wares,  4  pp. 
Soap  and  Glycerine,  39 

pp.  45  figs. 
Spices,  16  pp. 
Sponge,  5  pp. 
Starch,  9  pp.  10  figs. 
Sugar,     155     pp.     134 

figs. 
Sulphur. 
Tannin,  18  pp. 
Tea,  12  pp. 
Timber,  13  pp. 
Varnish,  15  pp. 
Vinegar,  5  pp. 
Wax,  5  pp. 
Wool,  2  pp. 
Woollen    Manufactnrts, 

58  pp.  39  figs. 


Adds,  207  pp.  220  figs. 
Alcohol,  23  pp.  16  figs. 
Alcoholic  Liquors,  13  pp. 
Alkalies,  89  pp.  78  figs. 
Alloys.  Alum. 

Asphalt        Assaying. 
Beverages,  89  pp.  29  figs. 
Blacks. 

Bleaching  Powder,  15  pp. 
Bleaching,  51  pp.  48iigs. 
Candles,  18  pp.  9  figs. 
Carbon  Bisulphide. 
Celluloid,  9  pp. 
Cements.      Clay. 
Coal-tar  Products,  44  pp. 

14  figs. 
Cocoa,  8  pp. 
Coffee,  32  pp.  13  figs. 
Cork,  8  pp.  17  figs. 
Co^on  Manufactures,  62 

pp.  57  figs. 
Drugs,  38  pp. 
Dyeing       and       Calico 

Printing,  28  pp.  9  figs. 
Dyestuffs,  16  pp. 
Electro-Metallurgy,      13 

pp. 
Explosives,  22  pp.  33  figs, 
Feathers. 
Fibrous  Substances,   92 

pp.  79  figs. 
Floor-cloth,    16    pp.  21 

figs. 
Food  Preservation,  8  pp. 
Fruit,  8  pp. 


Fur,  5  pp. 

Gas,  Coal,  8  pp. 

Gems. 

Glass,  45  pp.  77  figs. 

Graphite,  7  pp. 

Hair,  7  pp. 

Hair  Manufactures. 

Hats,  26  pp.  26  figs. 

Honey.         Hops. 

Horn. 

Ice,  10  pp.  14  figs. 

Indiarubber      Manufac- 
tures, 23  pp.  17  figs. 

Ink,  17  pp. 

Ivory. 

Jute    Manufactures,     1 1 
pp.,  II  figs. 

Knitted      Fabrics  — 
Hosiery,  15  pp.  13  figs. 

Lace,  13  pp.  9  tigs. 

Leather,  20  pp.  31  figs. 

Linen  Manufactures,  16 
pp.  6  figs. 

Manures,  21  pp.  30  figs. 

Matches,  17  pp.  38  figs. 

Mordants,  13  pp. 

Narcotics,  47  pp. 

Nuts,  10  pp. 

Oils    and     Fatty    Sub- 
stances, 125  pp. 

Paint. 

Paper,  26  pp.  23  figs. 

Paraffin,  8  pp.  6  figs. 

Pearl  and  Coral,  8  pp. 

Perfumes,  10  pp. 
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Crown  8vo,  cloth,  with  illustrations,  5^. 

WOEKSHOP    EECEIPTS, 

FIRST  SERIES. 

By  ERNEST    SPON. 


Bookbinding. 

Bronzes  and  Bronzing. 

Candles. 

Cement. 

Cleaning. 

Colourwashing. 

Concretes. 

Dipping  Acids. 

Drawing  Office  Details. 

Drying  Oils. 

Dynamit^. 

Electro  -  Metallurgy  — 
(Cleaning,  Dipping, 
Scratch-brushing,  Bat- 
teries, Baths,  and 
Deposits  of  every 
description). 

Enamels. 

Engraving  on  Wood, 
Copper,  Gold,  Silver, 
Steel,  and  Stone. 

Etching  and  Aqua  Tint. 

Firework  Making  — 
(Rockets,  Stars,  Rains, 
Gerbes,  Jets,  Tour- 
billons,  Candles,  Fires, 
Lances,Lights,  Wheels, 
Fire-balloons,  and 
minor  Fireworks). 

Fluxes. 

Foundry  Mixtures. 


Synopsis  of  Contents. 

Freezing. 

Fulminates. 

Furniture  Creams,  Oils, 
Polishes,  Lacquers, 
and  Pastes. 

Gilding. 

Glass  Cutting,  Cleaning, 
Frosting,  Drilling, 
Darkening,  Bending, 
Staining,  and  Paint- 
ing. 

Glass  Making. 

Glues. 

Gold. 

Graining. 

Gums. 

Gun  Cotton. 

Gunpowder. 

Horn  Working. 

Indiarubber. 

Japans,  Japanning,  and 
kindred  processes. 

Lacquers. 

Lathing. 

Lubricants. 

Marble  Working. 

Matches. 

Mortars. 

Nitro-Glycerine. 

OUs. 


Paper, 

Paper  Hanging. 

Pamting  in  Oils,  in  Water 
Colours,  as  well  as 
Fresco,  House,  Trans- 
parency, Sign,  and 
Carriage  Painting. 

Photography. 

Plastering. 

Polishes. 

Pottery— (Clays,  Bodies, 
Glazes,  Colours,  Oils, 
Stains,  Fluxes,  Ena- 
mels, and  Lustres), 

Scouring. 

Silvering. 

Soap. 

Solders. 

Tanning. 

Taxidermy. 

Tempering  Metals. 

Treating  Horn,  Mother- 
o'-Pearl,  and  like  sub- 
stances. 

Varnishes,  Manufacture 
and  Use  of. 

Veneering. 

Washing. 

Waterprofing. 

Welding. 


Besides  Receipts  relating  to  the  lesser  Technological  matters  and  processes, 
such  as  the  manufacture  and  use  of  Stencil  Plates,  Blacking,  Crayons,  Paste, 
Putty,  Wax,  Size,  Alloys,  Catgut,  Tunbridge  Ware,  Picture  Frame  and 
Architectural  Mouldings,  Compos,  Cameos,  and  others  too  numerous  to 
mention. 
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CroMm^vo,  cloth,  485  pages,  with  illustrations,  5x. 

WOEKSHOP   EECEIPTS, 

S€COND  SERIES. 
By    ROBERT    HALDANE. 


Synopsis  of  Contents. 


Acidimetfy  and  Alkali- 
metry. 
Albumen. 
Alcohol. 
Alkaloids. 
Baking-powders. 
Bitters. 
Bleaching. 
Boiler  Incrustations. 
Cements  and  Lutes. 
Cleansing. 
Confectionery. 
Copying. 


Disinfectants. 

Dyeing^     Staining,    and 

Colouring. 
Essences. 
Extracts. 
Fireproofing. 
Gelatine,  Glue,  and  Size. 
Glycerine. 
Gut 

Hydrogen  peroxide. 
Ink. 

Iodine.  . 
Iodoform* 


Isinglass. 

Ivory  substitutes. 

Leather. 

Luminous  bodies. 

Magnesia. 

Matches. 

Papyer. 

Parchment. 

Perchloric  add. 

Potassium  oxalate. 

Preserving. 


Pigments^  Paint,  and  Painting:  embracing  the  prepamtion  of 
Pigments^  including  alumina  lakes,  blacks  (animal,  bone,  Frankfort,  ivor}\ 
lamp,  sight,  soot),  blues  (antimony,  Antwerp,  cobalt,  coeruleum,  Egyptian, 
manganate,  Paris,  Peligot,  Prussian,  smalt,  ultramarine),  browns  (bistre, 
hinau,  sepia,  sienna,  umber,  Vaudyke),  greens  (baryta,  Brighton,  Brunswick, 
chrome,  cobalt,  Douglas,  emerald,  manganese,  mitis,  mountain,  PrnssiaD, 
sap,  Scheele's,  Schweinfurth,  titanium,  verdigris,  zinc),  reds  (Brazilwood  lake. 
carminated  lake,  carmine,  Cassius  puqile,  cobalt  pink,  codidneal  lake,  colco 
thar,  Indian  red,  madder  lake,  red  chalk,  red  lead,  vermilion),  whites  (alum, 
baryta,  Chinese,  lead  sulphate,  whhe  lead — ^by  American,  Dutch,  French. 
German,  Kremnitz,  and  Pattinson  processes,  precautions  in  making,  and 
composition  of  commercial  samples — whiting,  Wilkinson's  white,  zinc  white), 
yellows  (chrome,  gamboge,  Naples,  orpiment,  realgar,  yellow  lakes) ;  Paint 
(vehicles,  testing  oils,  driers,  grinding,  storing,  applying,  priming,  di3ring. 
filling,  coats,  brushes,  surface,  water-colours,  removing  smeU,  discoloiation ; 
miscellaneous  paints — cement  paint  for  carton-pierre,  copper  paint,  gold  paint, 
iron  paint,  lime  paints,  silicated  paints,  steatite  paint,  transparent  paints, 
tungsten  paints,  window  paint,  zinc  paints) ;  Pmnting  (generHl  instructions, 
proportions  of  ingredients,  measuring  paint  work  ;  carriage  painting — priming 
paint,  best  putty,  finishing  colour,  cause  of  cracking,  mixing  the  paints,  oils, 
driers,  and  colours,  varnishing,  importance  of  washing  vehicles,  re-varnishing, 
how  to  dry  paint ;  woodwork  painting). 
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Crown  8vo,  cloth,  480  pages,  with  183  illustrations,  5^. 

WOEKSHOP    EEGEIPTS, 

THIRD  SERIES. 

By  C.  G.  WARNFORD  LOCK. 
TTniform  \ntli  the  First  and  Second  Series. 


Synopsis  of  Contents. 


Alloys. 

Indium. 

Rubidium. 

Aluminium. 

Iridium. 

Ruthenium. 

Antimony. 

Iron  and  Steel. 

Selenium. 

Barium.^ 

Lacquers  and  Lacquering. 

Silver. 

Beryllium. 

Slag. 

Bismuth. 

Lead. 

Sodium. 

Cadmium. 

Lithium. 

Strontium. 

Caesium. 

Lubricants. 

Tantalum. 

Calcium. 

Magnesium. 

Terbium. 

Cerium. 

Thallium., 

Chromium. 

Mercury. 

Thorium. 

Cobalt. 

Mica. 

Tin. 

Copper. 

Molybdenum. 

Titanium. 

Didymium. 

Nickel 

Tungsten. 

Electrics. 

Niobium. 

Uranium. 

Enamels  and  Glazes. 

Osmium. 

Vanadium. 

Erbium. 

Palladium. 

Yttrium. 

Galliimi. 

Platinum. 

Zinc. 

Glass. 

Potassium. 

Zirconium. 

Gold. 

Rhodium. 

Aluminium. 
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In  demy  8vo,  cloth,  600  pages,  and  1420  Illustrations,  dr. 

SPONS' 
MECHANIC'S  OWN  BOOK; 

A  MANUAL  FOR  HANDICRAFTSMEN  AND  AMATEURS. 


Contents. 

Mechanical  Drawing — Casting  and  Founding  in  Iron,  Brass,  Bronze, 
and  other  Alloys — Forging  and  Finishing  Iron — Sheetmetal  Working 
— Soldering,  Brazing,  and  Burning — Carpentry  and  Joinery,  embracing 
descriptions  of  some  400  Woods,  over  200  Illustrations  of  Tools  and 
their  uses,  Explanations  (with  Diagrams)  of  116  joints  and  hinges,  and 
Details  of  Construction  of  Workshop  appliances,  rough  furniture. 
Garden  and  Yard  Erections,  and  House  Building — Cabinet-Making 
and  Veneering — Carving  and  Fretcutting  —  Upholstery — Painting, 
Graining,  and  Marbling  —  Staining  Furniture,  Woods,  Floors,  and 
Fittings — Gilding,  dead  and  bright,  on  various  grounds — Polishing 
Marble,  Metals,  and  Wood — Varnishing — Mechanical  movements, 
illustrating  contrivances  for  transmitting  motion — ^Turning  in  W^ood 
and  Metals — Masonry,  embracing  Stonework,  Brickwork,  Terracotta, 
and  Concrete — Roofing  with  Thatch,  Tiles,  Slates,  Felt,  Zinc,  &c. — 
Glazing  with  and  without  putty,  and  lead  glazing — Plastering  and 
Whitewashing—  Paper-hanging—  Gas-fitting— Bell-hanging,  ordinary- 
and  electric  Systems  —  Lighting — Warming  — Ventilating— Roads, 
Pavements,  and  Bridges  —  Hedges,  Ditches,  and  Drains— Water 
Supply  and  Sanitation— Hints  on  House  Construction  suited  to  new 
countries. 
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